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Abstract

Sea turtles are marvels of marine navigation, employing sophisticated biomechanical
strategies that enable them to traverse thousands of kilometres across oceans. Despite their
importance in oceanic ecosystems, all sea turtle species face the risk of extinction, largely due
to human activities. This doctoral thesis provides an in-depth analysis of the biomechanics
and hydrodynamics involved in sea turtle movement. It emphasises creating non-intrusive
techniques for examining and mimicking their swimming behaviours. The study aims to
enhance biological and biomechanical understanding and inspire technological innovations
drawing from nature's design.

This research first introduces a novel, non-invasive procedure for studying the biomechanics
of wild sea turtles by utilising underwater drones to film them in their natural habitat, the
Great Barrier Reef. Through this approach, distinctive swimming patterns were observed,
deviating from those recorded in captive juveniles. Our findings show that the flipper goes
through a closed-loop trajectory with extended sweeping of the flipper tip towards the centre
of the carapace to create a clapping motion. We have named this the "sweep stroke", and in
contrast to previously described four-stage models, it creates a five-stage cycle swimming
locomotion model.

Delving into the migratory prowess of sea turtles, the thesis then examines the biomechanical
and hydrodynamic aspects of long-distance travel. Sea turtles achieve this remarkable feat
despite a diet consisting primarily of low-energy foods. A model based on the green sea turtle
(Chelonia mydas) and a custom testing rig was developed to investigate only the upstroke
phase of their swimming. It was found that sea turtles likely utilise a passive upstroke,
significantly reducing their drag coefficient and allowing them to maintain swim speed
without generating thrust, thereby conserving energy.

The thesis further investigates the green sea turtle's incredible ability to swim up to 50 km per
day on a diet of seagrass or microalgae. By factoring in the newly described five-stage
swimming cycle, a soft-robotic sea turtle named Cornelia, capable of mimicking the real
animal's form and function, was developed to provide biomechanical insights without
invasive experimentation. The study reveals that the green sea turtle may only produce
propulsion for about 30% of the limb beat cycle, with the rest of the time spent in a low-drag
glide, minimising speed loss due to their large mass and low drag coefficient. These insights
can potentially revolutionise oceanic exploration through a new generation of robotic systems
that harness sea turtle-inspired propulsion strategies.

Furthermore, this work utilised Cornelia, to investigate the flow manipulation during the sea
turtle's propulsive phase. By analysing the relationship between swim speed, flipper angle of
attack, power consumption, and the production of thrust and lift, this research hypothesises
how flow features contribute to the sea turtle's propulsive efforts and cost of transport. The
findings indicate that sea turtles achieve exceptionally low cost of transport values, affirming
the efficiency of their swimming technique and providing valuable data that could inform the
design of high-efficiency underwater drones for extended missions.

Lastly, the thesis explores the development of prosthetic flippers for sea turtles that have lost
a limb. Robotic testing demonstrated that a prosthetic could effectively mimic the sea turtle's
downstroke and upstroke, allowing for regained manoeuvrability. Swim tests with the




prosthetic attached to the robotic model yielded promising results, nearly matching the
average swim speeds of wild sea turtles. This work aspires to lay the groundwork for open-
source prosthetic designs that could empower veterinary professionals worldwide to assist
injured turtles. The broader ambition is to inspire further animal-based robotic designs,
advancing technologies geared towards ecological conservation and rehabilitation.

In conclusion, this thesis presents a multifaceted investigation into the locomotion of sea
turtles, yielding significant original insights that bridge biology, robotics, conservation, and
bioinspired engineering. The findings have profound implications for understanding the
biomechanical efficiency of these endangered species and offer a pathway toward developing
sustainable technologies that could benefit both wildlife conservation and human engineering
pursuits.
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Chapter 1: Introduction

The boundless wonders of nature and its resultant biodiversity have perpetually captivated the
scientific community. Among the myriad species that inhabit our planet, sea turtles stand out
due to their exceptional swimming abilities and tenacity, navigating oceans for over a
hundred million years. Nevertheless, although the biology of sea turtles dominates the
literature, very little work has been produced to understand their intricate swimming
dynamics, which masterfully meld power with elegance, remains elusive. This research
journey, articulated across five sequential publications, endeavours to illuminate the lesser-
known facets of sea turtle locomotion. To fill the prevailing knowledge void and unearth
potential technological innovations inspired by the sea turtle's propulsion technique.

This thesis centres around four pivotal research questions chosen for their potential to
augment understanding in biological science, mechanical engineering, and marine
exploration. In the subsequent sections, we shall delve into these research questions,
embarking on a journey to uncover the secrets hidden within the fluid strokes of the sea
turtle's flippers. These questions are:

1. What characterises the aquatic locomotion of Sea turtles in their natural habitat, and
how do they differ from those observed in juvenile individuals in captive
environments?

2. Through what biomechanical and physiological mechanisms do Sea turtles generate
efficient thrust for propulsion in their aquatic environments?

3. How does the morphology and movement of Sea turtle flippers manipulate
surrounding hydrodynamic fields to influence their locomotion?

4. Can insights drawn from understanding the propulsion mechanisms of Sea turtles
contribute to practical applications and the advancement of marine technologies?

As we navigate the depth of this thesis, each question serves as a beacon, guiding us deeper
into the multifaceted world of sea turtle locomotion and its profound implications for both
biology and technology.

The first research question aims to delineate the swimming kinematics of wild sea turtles and
discern whether they differ from captive juveniles. Understanding the natural locomotion of
these marine creatures in their native habitats would illuminate how environmental factors,
evolutionary pressures, and physical maturity influence their swimming mechanics.
Additionally, such an understanding can aid in developing husbandry practices and
rehabilitation programs for captive and injured sea turtles. The comparison between the wild
and captive individuals could offer insight into the potential behavioural and mechanical
changes induced by captivity and how it influences the biomechanics of the animal.

The second research question probes into sea turtle locomotion's biomechanical and
physiological aspects, specifically how these creatures produce efficient propulsion.
Unravelling the intricacies of their swimming mechanism could pave the way for bio-inspired
design principles in hydrodynamics and naval engineering. Moreover, understanding the
energetic expenditure and efficiency of propulsion can shed light on the life history traits of
these species, like migration patterns and foraging behaviours.
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The third question seeks to dissect how sea turtles manipulate the flow fields around their
flippers. This aspect of their swimming mechanism contributes to their agility and efficiency
in water. Further exploration of this phenomenon could elucidate how the fluid-structure
interactions facilitate the locomotion of marine creatures. From a broader perspective,
understanding these interactions could revolutionise the designs of aquatic robots and
submarines, optimising them for enhanced manoeuvrability and reduced energy consumption.
Coupled with this, the focus on quantifying sea turtle locomotion in terms of the
dimensionless values of the Reynolds and Strouhal numbers. The Reynolds number
characterises the flow regime, signifying the role of viscous forces relative to inertial forces.
The Strouhal number signifies the propulsive efficiency associated with the oscillatory
motion of the flippers. Deciphering these dimensionless numbers' range and ideal values for
sea turtles can provide a solid mathematical foundation for understanding their locomotion,
contributing to comparative biomechanics and fluid dynamics. Moreover, it can help
engineers design efficient marine vehicles and propulsion systems.

Finally, the fourth research question explores the potential of translating the insights gained
from studying sea turtle propulsion to practical applications that may help advance ocean
exploration technologies. Through millions of years of evolution, sea turtles have achieved an
optimal balance between power and efficiency in their locomotion, which man-made
technologies strive to emulate. By investigating these natural mechanisms and extracting bio-
inspired principles, we could revolutionise the design and functionality of aquatic exploration
equipment, enabling them to operate efficiently in challenging oceanic environments.

These research questions are relevant to the scientific community as they lie at the
intersection of biology, physics, and engineering. The proposed research not only contributes
to a deeper understanding of marine animal locomotion but also paves the way for
innovations and inspiration in naval engineering and oceanic exploration. Furthermore, these
inquiries are congruent with the growing field of biomimicry, wherein solutions to complex
human problems are sought in nature's time-tested patterns and strategies.

The implications of this research extend beyond academia. Conservation efforts for sea
turtles could greatly benefit from understanding the locomotive characteristics of these
creatures. Additionally, advancements in ocean exploration technologies, guided by the
principles of sea turtle propulsion, could catalyse a new era of marine research and resource
utilisation.

Overall, the proposed research seeks to unravel the science behind the grace of sea turtle
swimming, bridging the gap between nature's ingenuity and human innovation. By
illuminating the potential for biomimetic applications in technology, this work advocates for
a symbiotic relationship between scientific progress and natural preservation. By enhancing
our understanding of the natural world, we can better appreciate its value, fostering a deeper
commitment to its preservation for future generations.
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1.0 Delimitations of the Study

This section delineates the specific boundaries and decisions that define the scope of this
research.

1- Focus on a Specific Species and Habitat

The study concentrated on the green sea turtle, Chelonia mydas, within the Great Barrier Reef
ecosystem. This specialised focus allowed for a detailed examination of this species in this
habitat but limited the extrapolation of the findings to other species or environments.

2- Methodological Constraints

The research was characterised by the exclusive use of non-invasive techniques for data
collection. This ethical choice, aimed at minimising disturbance to these endangered
creatures, consequently limited the depth and breadth of biological data that could be
obtained compared to more invasive research methods.

3- Budgetary and Equipment Constraints

Operating under a tight budget of $7000 NZD, the research faced constraints in terms of the
quality and diversity of available equipment. This affected the construction of the robotic sea
turtle 'Cornelia’ and other research tools, potentially influencing the precision and complexity
of the experiments conducted.

4- Time Constraints

The study's duration posed another limitation. The time-restricted nature of the research
meant that long-term trends and developments in the behaviour and habitats of sea turtles
could not be extensively explored.

5- Theoretical Framework Scope

The theoretical lens of the thesis was focused on specific areas within marine biology and
biomechanics, emphasising propulsion mechanisms and physical movements. Consequently,
other relevant areas of sea turtle biology were not within the purview of this research.

6- Use of a Robotic Model

Employing 'Cornelia’ as a robotic model for sea turtle swimming provided valuable insights
but also introduced limitations. The extent to which this robot accurately replicated the
nuanced, organic movements of actual sea turtles may affect the generalisability of the
results.
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1.1 Thesis overview

1.2 Thesis organisation

This thesis is arranged as a methodical assortment of published peer-reviewed studies,
methodically organised into a sequence of chapters, each building upon the findings of the
last. As such, repetition of information may occur, with supplementary information found in
the Appendices and Movies found by following the links provided. An instructive roadmap of
this structured layout is depicted in Figure 1. Chapter 2 initiates a comprehensive review of
the existing scholarly literature on sea turtles' kinematics and propulsion techniques, setting
the academic foundation for the following studies.

Chapter 3 marks the beginning of my published research, detailing an extensive data
collection initiative within the vibrant ecosystem of Australia's Great Barrier Reef. This
pivotal chapter hones in on the green sea turtle species, Chelonia mydas, and examines their
flipper movements during routine swimming activities, offering critical insights that respond
directly to the first posed research question.

Moving forward, Chapter 4 presents an in-depth analysis of the upstroke movement of the sea
turtle's flipper. It carefully interprets the data obtained from the naturalistic observations
detailed in Chapter 3, advancing our understanding and partially unravelling the intricacies of
the second and third research questions.

Chapters 5 and 6 represent an integrative phase of the thesis, where the separate strands of
data from the preceding chapters are woven together to assess the sea turtles' complete
swimming cycle. This is achieved through innovative experimental procedures involving our
robotic sea turtle surrogate, 'Cornelia.' These experiments are critical in providing a holistic
view of the swimming dynamics, directly addressing research questions two and three while
also intersecting with the fourth question, which concerns the practical applications of our
findings.

In Chapter 7, the narrative shifts towards the translational impact of the research, exploring
the feasibility and design considerations of a prosthetic flipper that could assist sea turtles
who have lost limbs. This chapter is devoted to the pragmatic application of the accumulated
knowledge from the thesis and endeavours to provide a solution to the final research
question.

Chapter 8 concludes the thesis, offering an extensive discussion synthesising the insights
gleaned from the entire body of work. It critically analyses the conclusions drawn from the
research and extrapolates them to envisage prospective directions for future scientific
inquiries. This concluding chapter not only situates the entire thesis within the more
comprehensive scholarly conversation but also highlights potential pathways for future
research, signalling ongoing advancements in the field of marine biology and bionics.
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Figure 1: Thesis structure
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1.3 Thesis methodology

The methodological foundation of this thesis is defined by its commitment to non-invasive
research techniques, a decision that presents both a significant advantage and a limitation.
The choice to employ only non-invasive methods was rooted in an ethical commitment to the
welfare of the sea turtle species, which face the threat of endangerment. This ethical stance
reflects respect for the biological subjects of the study but also aligns with the increasing
global advocacy for humane research practices.

One of the primary justifications for this approach is facilitating a more streamlined data
collection process. By eliminating the need for invasive procedures, the study sidestepped the
protracted and often unpredictable animal ethics approval process, which can introduce
substantial delays to research timelines. This efficiency is particularly valuable in
conservation biology, where time-sensitive data influences policy and intervention strategies.

Moreover, non-invasive observation allowed for capturing sea turtles' behaviour within their
natural habitats, a crucial aspect considering that behaviour in the wild often differs from that
observed in captivity. Such authenticity in behavioural data is indispensable for
understanding the true nature of these creatures in their ecological context, which is the
bedrock of ecological and ethological research. While this method precludes the acquisition
of certain types of biological data that would require physical interaction with the animals, it
also eliminates the variable of human interference, which can often skew natural behaviours.

Financial constraints further shaped the methodology. With only $7,000 NZD available, the
project required innovative approaches to both the development of research tools and the
execution of the study. The construction of 'Cornelia, the robotic sea turtle, serves as a
testament to the resourcefulness necessitated by the budget. The robotic model provided a
controlled means to study sea turtle locomotion without incurring the ethical and financial
costs of using live animals in a laboratory setting.

The budget also mandated that all testing equipment be designed and built in-house. This
self-reliance fostered a deep understanding of the research tools, enabling customisation and
adaptation to the study's specific needs, which off-the-shelf solutions could not provide.
While acknowledging that these custom-built tools may not align with established industry
benchmarks, it is crucial to recognise that innovation often arises from working within
limitations. The equipment was meticulously tested and calibrated to ensure that, despite its
unconventional genesis, it would yield data of the highest integrity.

In conclusion, the methodological choices made in this thesis are justified by the ethical
imperative to conduct humane research, the need for ecological validity in behavioural
observations, and the innovative spirit engendered by financial limitations. The results
presented are the culmination of a research process that was as much about overcoming
challenges as it was about studying sea turtle locomotion, and they stand as a robust
contribution to the field, achieved with integrity and a commitment to professional standards.
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Chapter 2: Literature Review

The study of sea turtle biomechanics reveals an extraordinary resemblance to the mechanics
of bird flight. These aquatic reptiles utilise a blend of gliding and flapping motions with their
forelimbs, not unlike birds, to produce the forces necessary for aquatic flight. Moreover,
phylogenomic analysis has recently placed turtles as the sister group to birds, suggesting a
shared evolutionary path®. However, there is a significant distinction in their mechanics.
Birds are entirely dependent on lift generation to sustain flight, whereas sea turtles have the
ability to modulate their buoyancy, achieving near-neutral buoyancy?, which negates the
absolute necessity for lift.

The propulsion of sea turtles is mainly attributed to the downstroke of their forelimbs, where
their uniquely shaped flippers reminiscent of the cambered aerofoil found in aircraft come
into play®®. This motion, which is characteristically more vigorous during the downstroke
than the upstroke, has been typically described to produce a figure-of-eight trajectory®>7. A
pivotal role in sea turtle underwater flight is the angle of attack (AOA) that sea turtles use on
their pectoral flippers. The AOA is of particular interest because it is essential for creating the
hydrodynamic forces necessary for swimming. This AOA has typically only been portrayed
for the wing tip®®. However, sea turtles do not rotate their flippers with a constant value but
twist them to generate a gradient of values across the wing span. This gradient could be a
critical factor in the efficiency and manoeuvrability of their swimming®®3.

The ability to vary the AOA offers a potential explanation for the sea turtle's exceptional
swimming proficiency. By adjusting the twist of their flippers, they might fine-tune their
propulsion to suit different swimming speeds or manoeuvring requirements. This could be
particularly advantageous during long migratory passages where energy conservation is vital,
or when navigating through complex environments such as coral reefs or coastal shallows.

Given the potential importance of the flipper's twist, a critical question arises: How does this
variability in the flipper's twist contribute to the sea turtle's overall swimming mechanics, and
why is understanding this twist crucial for our broader comprehension of sea turtle
biomechanics and hydrodynamics? Unravelling the specifics of this mechanism may not only
answer questions about the sea turtle's migratory efficiency but could also inform the design
of aquatic robots and propulsion systems that mimic biological entities, enhancing their
performance and energy efficiency.

The migratory behaviour of sea turtles, with journeys extending thousands of kilometres'416,
is one of nature's marvels. A quantitative model of their swimming could shed light on
whether their locomotion contributes to their migratory success. While previous studies have
used two-dimensional models to represent turtle-inspired swimming styles”°, these models
may not fully capture the three-dimensional hydrodynamic features that are essential for
accurate propulsion, which are heavily influenced by kinematic factors?®-??,

The natural swimming patterns of sea turtles have been studied®>%327  yet these studies often
rely on observations of young turtles in captivity, which may not accurately represent the
behaviours of wild, adult sea turtles. This is evident when comparing works by Davenport et
al.® and Yasuda et al.?8, with Davenport et al. ® reporting on flapping frequencies of juveniles
around 1Hz and Yasuda al. % reporting flapping frequencies of approximately 0.23Hz in wild
adults. Thus, if the flapping frequency has such a sparse difference, what other features in

25



terms of flipper motion differ between captive juveniles and wild adults? As such, the
comprehensive mathematical characterisation of the locomotion of wild sea turtles remains
incomplete. There is a particular gap in understanding how these patterns might differ
between a juvenile in captivity and an adult in the wild. Filling this knowledge gap could
provide deeper insights into the biomechanical strategies that underpin the sea turtle's long-
distance navigation and its evolutionary success.

The phenomenon of sea turtle migration presents an intriguing biological puzzle, especially
considering their diet is predominantly composed of low-energy foods?®-3, These foods
include jellyfish, sponges, and algae, which provide minimal caloric intake compared to the
high-energy demands of long-distance travel. Despite this apparent contradiction, sea turtles
embark on epic journeys across the oceans. The exact mechanisms that enable them to
achieve such remarkable migratory feats remain something of a mystery, but their unique
swimming strategies may play a significant role in their ability to travel vast distances®*.

Research into the flipper motion patterns of sea turtles has frequently observed that the
downward motion of their stroke, or the downstroke, occurs at a rate nearly double that of the
upward motion, or the upstroke3*. This difference in speed suggests distinct functions for
each phase of the stroke cycle in sea turtle locomotion. The role of the upstroke in sea turtle
swimming has been a subject of debate among marine biologists and biomechanics
researchers®>2’, Some suggest that the upstroke serves as a feathering stroke a recovery
phase that positions the flippers for the next downstroke with minimal resistance against the
water. Others argue that the upstroke contributes to thrust production, albeit in a more subtle
manner than the downstroke. The upstroke may not be as visibly powerful, but it could play a
critical role in maintaining the turtle's forward momentum by generating lift and controlling
the animal's pitch and position in the water.

This debate is not merely academic; it has practical implications for our understanding of sea
turtle physiology and the conservation strategies that might be employed to protect these
animals. If the upstroke is indeed used for thrust production, it would indicate a higher
overall energy expenditure for swimming, which must be accounted for in the turtles' energy
budgets. This, in turn, affects how we interpret their feeding habits, migratory patterns, and
the potential impacts of environmental changes on their well-being.

Moreover, resolving this debate could enhance the development of bio-inspired robotic
designs. If engineers can accurately replicate the mechanics of sea turtle swimming, they
could create more efficient underwater vehicles for research and exploration. Thus, a clear
understanding of the upstroke’s function in sea turtle locomotion remains a valuable pursuit
for both biological and technological advancements.

The mechanics of locomotion in both aerial and aquatic animals often involve the creation of
complex vortex patterns in their wake, which is critical for effective propulsion. A
particularly intriguing phenomenon observed is the generation of a reverse von Karman
vortex street. This pattern arises from the strategic shedding of counter-rotating vortices at the
outermost points of an animal's stroke cycle, whether it be from the flapping of wings in birds
or the undulation of caudal fins in fish®-°, The precise timing and interaction of these
vortices are what allow high-momentum jet flows to form, cleverly converting what would be
drag into additional thrust, thereby enhancing the animal's propulsion efficiency®>.
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Sea turtles, however, exhibit a distinctive asymmetry in their flipper oscillations®®. This
asymmetry in stroke could suggest a deviation from the typical vortex shedding patterns seen
in other species. It raises questions about the extent to which sea turtles can harness the
reverse von Karman vortex street to their advantage. Given this potential deviation, the
intriguing question emerges: What evolutionary adaptations have sea turtles developed that
allow them to maintain efficient propulsion despite this apparent mechanical divergence?

Further investigation into the hydrodynamic implications of the sea turtles' asymmetric
flipper oscillation is essential. These studies could reveal whether sea turtles have developed
unique methods of vortex manipulation or if they employ entirely different mechanisms to
achieve their graceful and enduring swimming ability. The exploration of these evolutionary
techniques is crucial not only for the field of biomechanics but also for the broader
understanding of adaptation and survival in the marine environment.

A hypothesis by David T. Booth* suggests that the downstroke of a sea turtle's flipper may
serve a dual purpose, generating both lift-based and drag-based propulsion contingent on the
flipper's angle of attack. Lift-based propulsion is akin to an aeroplane’s wing, creating an
upward force that can be tilted to drive the animal forward, while drag-based propulsion is
generated by pushing against the water directly. However, a detailed understanding of what
these types of propulsion look like in sea turtles and the accuracy of this hypothesis remains a
gap in the current research.

To date, no comprehensive studies have illustrated the flow features and fluid dynamics that
sea turtles exploit during their downstroke, incorporating authentic sea turtle kinematics.
Although there have been analyses on simplified 2-dimensional turtle-inspired models!’8,
these studies cannot capture the complexities of 3-dimensional effects. These effects include
spanwise flow and Coriolis forces, which are pivotal in biological flapping mechanisms?:4,

For over two decades, it has been recognised that the leading edge vortex (LEV) is a
cornerstone of high-performance force generation in biological flapping wings*'*3. This
phenomenon has been observed across various animal species, both flying and swimming*
45 with insect flight a conundrum until the LEV's role was discovered*?. The LEV, a spiral of
air or water that forms at the leading edge of a moving flipper or wing, significantly enhances

lift and thrust by delaying stall and reattaching flow to the wing or flipper's low-pressure
side43'46‘48.

Despite the extensive research on LEVs in the context of flapping wings, there seems to be a
significant lack of such studies focused on LEVs during the downstroke of sea turtles using
accurate sea turtle kinematics. This gap highlights a need for research that could explain how
sea turtles, with their unique flapping kinematics, might produce or utilise LEVs for efficient
propulsion. Understanding this could clarify Booth's hypothesis* and contribute to
biomimetic designs in underwater vehicle propulsion, where replicating such natural
hydrodynamic strategies could lead to breakthroughs in efficiency and manoeuvrability.

The investigation into the existence and function of LEVSs in sea turtles' downstrokes
necessitates intricate, multidimensional modelling and empirical research that can accurately
replicate the flippers' movement in three-dimensional space. Such work could revolutionise
our understanding of marine locomotion and inform conservation strategies for these ancient
mariners by providing insights into how they perform their prodigious migrations with
apparent ease. Given the ecological importance and endangered status of many sea turtle
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species, filling this research void is not only scientifically significant but also crucial for the
preservation efforts of these remarkable creatures.

Navigating the ethical landscape of research involving endangered species like sea turtles
presents significant hurdles, primarily due to the stringent requirements for obtaining
necessary approvals. Such considerations are crucial, as the well-being of these animals must
be at the forefront of any scientific inquiry. Once ethical clearances are granted, further
complications arise; sea turtles may not exhibit their natural swimming behaviours within the
constraints of captivity, leading to potential biases in data collection.

To sidestep these ethical and practical challenges, researchers have turned to bio-inspired
robotics, creating mechanical analogues to study biological phenomena*®->*. These robotic
models aim to shed light on the intricacies of their movement and energy efficiency. Robotic
sea turtles have been produced before®! however, despite these efforts, fully capturing the
complexity of sea turtle locomotion has proven difficult. Previous robotic models were
restricted to two degrees of freedom®°%62, falling short of emulating the full range of motion
seen in living sea turtles. Although more advanced robots with three degrees of freedom have
been introduced>>*%6%83 the primary intention behind these creations was to demonstrate
innovative technologies rather than to mimic sea turtle locomotion accurately in every detail.

Crafting a robotic sea turtle that authentically replicates the behaviour of its living
counterpart presents two substantial engineering challenges. The first is the design of soft
robotic flippers capable of dynamic shape adaptation, essential for achieving the optimal
wing twist that living sea turtles use to navigate their watery realm. These flippers must also
withstand significant flexural stresses from hydrodynamic forces, a task that rigid robots with
complex jointed mechanisms find challenging. To address this, researchers have explored
soft robotics, where simple material deformations can emulate the nuanced movements of
biological entities®*¢.

The current landscape of soft wing-twisting technology generally follows two paths. One
involves actuators such as shape memory alloys (SMA) or ionic polymer-metal composites
(IPMC)%06788 \which, while innovative, at this point in time do not suffice to generate
substantial hydrodynamic forces required for effective flapping motion that sea turtles can
produce. The other integrates soft materials into a fundamentally rigid structure*®52:6970
enhancing the robot's ability to perform complex movements while bearing higher
hydrodynamic loads. This approach, however, necessitates a more intricate design and
manufacturing process.

The second challenge is to package the necessary mechanical components within the robot's
limbs without compromising the authentic form factor of the sea turtle. This is a complex
endeavour, as the robotic replica must be a near-perfect physical match to the actual animal to
study its locomotion accurately. Yan et al.'s®! recent work presents a turtle-like robot
equipped with variable stiffness hydrofoils, which can adjust the rigidity along the flippers'
span through a series of small interconnected rigid segments. Despite its innovative approach,
this design has yet to capture a crucial characteristic of sea turtle flippers: the ability to
smoothly twist along the span in a single, continuous motion. This feature is vital for
maintaining the correct angle of attack across the entire flipper, a potential key to the animal'’s
efficient swimming prowess.
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Creating a robotic sea turtle that accurately mirrors the species' authentic movements and
physical characteristics is not merely an academic exercise; it holds the potential to
revolutionise our understanding and capabilities in marine engineering and biomechanics.
The novelty of a realistic robotic sea turtle lies in its ability to provide insights into the
complex locomotion strategies of these animals, which have evolved over millions of years to
optimise energy efficiency for long-distance travel in the ocean.

A robot that can adjust its flipper stiffness and mimic the natural twisting motion could allow
researchers to study the intricate hydrodynamics of sea turtle swimming without the ethical
and practical challenges of working with live, endangered animals. It could serve as a
dynamic model to test hypotheses about marine propulsion and energy efficiency, offering a
window into the fluid-structure interactions that occur during the turtle's stroke cycle.

Moreover, by closely replicating the sea turtle's movements, such a robot could lead to the
development of new underwater vehicles with unprecedented levels of efficiency and
manoeuvrability. These bio-inspired designs could be used in various applications, from
oceanographic research to environmental monitoring, search and rescue missions, and even
military operations, all while minimising energy consumption.

The implications for conservation and ecological studies are also significant. Robotic sea
turtles could be deployed to track real turtle migrations, gather data on ocean conditions, and
monitor marine ecosystems with minimal disturbance, providing a sustainable option for
long-term ecological monitoring.

In summary, a realistic robotic sea turtle could be a transformative tool for marine research
and technology, offering a blend of ecological fidelity and engineering innovation. Its
development would not only represent a leap forward in soft robotics and bio-inspired
engineering but could also pave the way for sustainable solutions to explore and conserve our
oceans.
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Chapter 3: New insight into the swimming kinematics of wild Green
sea turtles (Chelonia mydas)
3.0 Preface

The exquisite intricacies of movement exhibited by animals have always been a compelling
research frontier. Among these, the locomotion of sea turtles, animals that elegantly traverse
their aquatic habitats much like avian species do in the skies stands as a fascinating paradigm.
While the biomechanics of captive juvenile sea turtles are well-documented, there is limited
knowledge about how wild sea turtles navigate and move through the water.

Unravelling the biomechanics of these submerged sea-bound "birds™ is an overwhelming
task. As an endangered species, the ethical and technical complications of studying sea turtles
make it a complex challenge to approach without causing a disturbance. This predicament
leads us to a crucial research question: What characterises the aquatic locomotion kinematics
of wild Sea turtles in their natural habitat, and how do they differ from those observed in
juvenile individuals in captive environments?

To answer this, chapter 3 offers an innovative, non-invasive procedure to develop a
comprehensive three-dimensional model of the kinematics of sea turtles. Utilising advanced
underwater drone technology, we ventured into the heart of their natural environment
Australia’'s Great Barrier Reef and studied these magnificent creatures with minimal
intrusion.

3.1 Abstract

Biomechanically, sea turtles could be perceived as birds of the ocean as they glide and flap
their forelimbs to produce the necessary forces required for locomotion, making sea turtles an
interesting animal to study. However, being an endangered species makes studying the sea
turtle's biomechanics a complex problem to solve, both technically and ethically, without
causing disturbance. This work develops a novel, non-invasive procedure to develop full
three-dimensional kinematics for wild sea turtles by filming the animals in Australia's Great
Barrier Reef using underwater drones without disturbing them. We found that the wild
animals had very different swimming patterns than previous studies on juveniles in captivity.
Our findings show that the flipper goes through a closed-loop trajectory with extended
sweeping of the flipper tip towards the centre of the carapace to create a clapping motion. We
have named this the “sweep stroke” and in contrast to previously described four-stage
models, it creates a five-stage cycle swimming locomotion model. The model presented here
could lead to a better comprehension of the sea turtle propulsion methods and their fluid-
structure interaction.
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3.2 Introduction

The locomotory biomechanics of sea turtles share similarities with birds, given that they glide
and flap their forelimbs to produce the necessary forces required for locomotion. In fact, in
recent studies, phylogenomic analyses has shown turtles as the sister group of birds?.
However, unlike birds who require lift generation to remain in the air, sea turtles can adjust
their buoyancy to become almost entirely neutrally buoyant 2. Thus, lift generation is not
wholly required as their buoyant force may be sufficient. The forward thrust generated by
turtles to swim has been shown to almost entirely occur during the downstroke, using their
cambered aerofoil-shaped flippers *°. The downstroke has been previously described as twice
as fast as the upstroke, typically producing a figure-of-eight pattern 37, Prior research has
typically illustrated that sea turtles apply an angle of attack (AOA) of their pectoral flippers
35 50 the animal can generate the necessary hydrodynamic loads for swimming. However,
this is not entirely accurate as the flipper generates a variable AOA across their wingspan via
twisting of the forelimb.

Sea turtles are migratory species with end-to-end journeys of thousands of kilometres 1416,
Having a mathematical representation of their swimming locomotion would greatly help
answer whether or not the sea turtle's swimming style is a factor in their migratory success.
Previous studies have applied simplified two-dimensional models of turtle inspired
swimming styles *"1°. However, hydrodynamic features that influence propulsion are highly
dependent on the kinematics?®-?2, which suggests that while the research done to date
provides a rudimentary approach to help describe the propulsion mechanism, it does not
contain all the related factors. Various studies have illustrated the natural sea turtle
locomotion 352327, However, these studies often collected data on young juveniles held in
captivity without describing the patterns in a mathematical form. Therefore, the natural
swimming description of wild sea turtles is still unknown, along with understanding if it
differs from a juvenile in captivity.

Developing a mathematical model to describe the turtle's natural flipper patterns is
tremendously complex for several reasons. Among the difficulties, the most complex issue
comes from producing a data collection from within their natural habitat to ensure their
surroundings do not enforce an abnormal swimming pattern. The current state of the art
techniques, such as X-ray Reconstruction of Moving Morphology (XROMM) 772 requires a
unique set up that would be impractical to impossible to set up in a marine environment. Not
only are techniques like this impractical, but receiving animal ethics approval to put an
endangered species into a lab to study its biomechanics creates further hurdles.

This paper describes a non-invasive process to film sea turtle swimming patterns and
forelimb twist through a video camera attached to a remotely operated underwater vehicle
(ROV). The films formed the basis for generating 3D mathematical biomechanical pattern
reconstruction. Filming sea turtles with an ROV has been done before 374, However, to the
best of our knowledge, this work is the first report of collecting and analysing turtle flipper
kinematics using an underwater ROV. This paper also includes developing and applying an
original data processing method to uncover the full 3D kinematics of the turtle flipper
movement.
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3.3 Methods

3.4 Data collection

3.5 Filming procedure and locations

To collect detailed data on the kinematics of wild turtles, it was decided to film them in their
natural environment. Filming occurred over a three-week program at Australia's Great Barrier
Reef, with the approach slightly altering depending on location. All permits and animal ethics
approvals were obtained from the Australian Government Marine Park Authority (reference
number G21/45637.1), with all methods performed in accordance with guidelines and
protocols approved. Only green sea turtles (Chelonia mydas) were observed during this time.
The first half of the data collection was accomplished at Fitzroy Island, Cairns, Australia,
using an ROV shown in Fig. 1a deployed from the shoreline over shallow fringing reef. On
average, four dives were made per day, each lasting approximately 30 minutes, recording the
entire dive duration. The camera used was programmed to save the footage at 2 GB segments
to minimise the chances of a total data loss. The ROV, on average, would travel 25-75m from
the beach until turtles were observed.

A second location was established at Heron Island, Queensland, Australia, and the filming
procedure was assisted with a rigid inflatable vessel to launch the ROV seen in Fig. 2a. Data
collection follows the same routine described for the first location. However, the vessel was
the launch platform enabling a higher degree of habitat and depth options to ensure a full
suite of natural swimming behaviours were captured.

At all times, during the approach to a turtle, a distance was kept of approximately 5m to
ensure the animal was undisturbed and continued with its usual swimming pattern. In general,
the turtles showed no interest in the ROV and would continue the locomotion as usual. On
rare occasions, we found that some turtles even showed interest in the ROV and approached
it for closer inspection out of curiosity. The ROV was set in hover mode to allow the animal
to interact when this occurred. Therefore, the recording was only made if the turtle was
observed swimming in its general swimming pattern. This pattern was identified with the
turtle producing complete oscillations of its pectoral fins with its hind flippers tucked in and
pointing back to lower its pressure drag, captured in Fig. 2b. Filming was done from the side,
front and rear viewpoints with the ROV following the turtle, matching its swim speed to keep
the turtle centred on the camera lens. This process proved to work well for filming from the
sides; however, the turtles would often adjust their swim patterns when attempting to film
from the front or rear. Turtle swim speeds were estimated using a surface snorkeler holding a
camera with GPS by following the turtles from the surface, as illustrated in Fig 2c.
Swimming speeds of approximately 0.2 to 1m/s were observed and correlate well with
previous research values 347578,
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Figure 2: Data collection. (a) ROV with external camera launched from the rigid inflatable vessel. (b), ROV user interface
showing sea turtle applying general swimming routine, (c) Sea turtle swim speeds from GoPro GPS, with snorkelling
assistance from the top. The photograph was taken at Fitzroy Island using the DJI fly 10S application with a DJI mini 2.
https://www.dji.com/nz/downloads/djiapp/dji-fly .

3.6 Equipment specification and settings

The ROV used, (Chasing M2) was equipped with a 200m long tether connected to a handheld
transmitter. The camera on the ROV was never used to film and only used for feedback to the
operator. The system has a maximum dive depth of 100m, however, it was only used to 2-
30m. The system is equipped with 8 EDF thrusters to allow 6 DOF allowing the ROV to
manage ocean currents with speeds up to 1.5 m/s. A 3D printed adaptor was manufactured to
enable an extra camera to be mounted to the ROV chassis. The camera (Paralenz, Vaquita)
was set up to film at full HD 1080P, 240 frames per second, allowing smooth slow-motion
footage. The footage was stored to a 128GB SanDisk extreme pro micro SD card. The
camera was selected as the best option available because its slim rugged aluminium body did
not require a waterproof case. Additionally, it is equipped with a distortion-free lens and
higher frame rate compatibility compared to other cameras available at the time.

3.7 Data processing

3.8 Data preparation

The challenge in this work was to extract the absolute motion of the flipper with respect to
the straight carapace length (SCL). The SCL illustrated in Fig. 3a was used as the reference
frame of motion due to it being a rigid body and thus not changing in size. Side view footage
was prioritised due to its more accessible collection, and additionally, this orientation allowed
for a clear sight of the turtle's flipper tip for all values of time. The film footage was edited in
software (VideoPad Professional, NCH Software). This process involved snipping and
exporting the content into individual images that matched the film frame rates. Thus allowing
detailed photos of the flipper position with respect to time. Using a CAD system (Solidworks
2019 SP5), the photos were imported using the “sketch picture” feature and sorted in the
design space at 0.1 second time intervals shown in Fig. 3b. A single image was selected for
creating a 2D spline around the turtle carapace. This 2D spline was then placed over each
image to ensure each image was not distorted and suitable for data collection seen in Fig. 3c.
This process also gave a reference coordinate system to ensure the data could be accurately
knitted together. After confirmation that each frame was appropriate, a data point could be
placed on the turtle's flipper tip for every image as per Fig. 3d. An assembly could then be
made off each flipper tip point using the 2D spline of the carapace as a reference geometry
observed in Fig. 3e. This process ensured the flipper tip position was accurately positioned
with respect to the turtle's carapace and time. After completion, a CAD part file was produced
containing the data assembly. The process was repeated from seven separate sets of film,
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five sets from Fitzroy Island and the remainder from Heron Island, Australia. A similar
process was applied to the front view film however, only four specimens were successfully
obtained.

b

Figure 3: Data preparation illustration. (a) Sea turtle straight carapace length measurement (b), photos of
turtle at 0.1-second intervals; (c), 2D spline around turtle carapace to serve as reference geometry; (d),
Datapoint placed at flipper tip; (e), Assembly of data points with reference to carapace and time.

3.9 Data 3D conversion

Turning the 2D flipper paths into a 3D example required an iterative and repetitive process of
assembling links representing the turtles' humerus (shoulder to elbow) and forearm (elbow to
flipper tip) displayed in Fig. 4a. The links were modelled in Solidworks as individual part
files ".SLDPRT". The size of each link was determined by identifying the position of the
turtle's shoulder, elbow, and flipper tip from the side and frontal film with film images
imported into CAD scaled to SCL of approximately 610mm. To ensure the links modelled in
CAD representing the humerus and forearm were anatomically correct in length, comparisons
were made with a real sea turtle's skeletal anatomy, as seen in Fig. 5b. A Solidworks
assembly was then created ".SLDASM." to assemble the links into a simplified 3D limb (Fig.
4a). The assembled limb could then be rotated in a SolidWorks assembly from the turtle's
shoulder and elbow joints into position by simultaneously using the 2-dimensional data and
the correspondent interval of the video footage from the side and front views to constrain the
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possible limb movement seen in Fig. 4b. This process was followed for each data point
creating a full 3D representation of the turtle's stroke, as illustrated in Fig. 4c. From here, a
new "SLDPRT" file could be generated consisting of the 3D data point with respect to time
represented in Fig. 4d. These points consisted of the flipper tip, elbow and shoulder and were
created by starting a "3D sketch™ and mating each point concentrically to the joints and
rotation point of interest from Fig. 4c.

a Shoulder Humerus

joint

Forearm

Flipper tip

Hwe

Figure 4: Data preparation. (a), Simplified sea turtle limb; (b), Rotation of limb in CAD, into 3D positions using 2-
dimensional front and side data for reference; (c), Complete limb motion assembly viewed from xy and zy planes; (d),
Conversion of limb motion into x,y,z data points of the flipper tip, elbow and shoulder rotation point, viewed from xy plane
and an isometric viewpoint.

3.10 Data postprocessing

The "SLDPRT" file containing all the data points along the x,y,z axis were exported as a
".igs" file type. This file type allows the data to be viewed and cleaned up in a simple text
processing software (Notepad). The data was then imported into a numeric computing suite
(Matlab) to have a "Fourier series" fitted with the x, y and z data represented by “equation (1-
3)”

x(t) = sp(ay + Xiq Aix cos(iwgt) + by sin(iwyt)) (1)
y(t) = sp(ay + iy agy cos(iwyt) + by, sin(iwyt)) (2)

z(t) = sp(a; + Xiq ai;cos(iwgt) + by, sin(iw,t)) (3)
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The Fourier coefficients were solved with the Matlab function "fourier8" to give the
functions eight terms with the time variable defined as the frame rate used to collect the
original data. A variable "s;" was added to the functions to allow a scaling factor to be
applied to modify the functions to suit various sized turtles. Appling a "s;" equal to one was
representative of a turtle with SCL equal to 610mm and was defined as:

_ Sa
SF = s10 (4)

Where s, is the desired SCL in mm if scaling should be required. To understand the flipper
rate of change in position and velocity, the position functions were differentiated with respect

to time to create the flipper velocity, “equation (5-7)” and acceleration expressed as "equation
(8-10):

x(t) = sp(Xiey —iwyayy sin(iwyt) + iwybyy, cos(iwyt)) (5)
y() = sp(Xiei —iwya;y sin(iwyt) + iwy by, cos(iwyt)) (6)

2(t) = sp(Xizq —iwza;, sin(iw,t) + iw,b;, cos(iw,t)) (7)

x(t) = Sf(Z?:l _(in)Zaix COS(int) - (in)zbix S in(ith)) (8)
y(t) = sf(Z?zl—(iWy)zaiy cos(iwyt) - (iwy)zbiysin(iwyt)) 9)

Z(t) = Sf(Z?:l_(in)zaiz COS(iWZt) - (in)zbiz Sin(int)) (10)

3.11 Flipper twist model

The skeletal structure that supports the motion of the sea turtle flipper from a mechanical
viewpoint is homologous to the human arm skeleton seen in Fig. 5a-b. For example, in Fig.
5¢, it can be observed that the human forearm can create a twist from the elbow to the
fingertips without any rotation of the humerus. Based on this assumption and from evidence
observed in our video footage, we hypothesise that the flipper twist can be modelled to take
place between the turtle elbow joint and flipper tip.
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Figure 5: Human and Sea turtle skeleton. (a), Human arm skeleton (created by Henri et
George/Shutterstock.com); (b), Hawksbill Sea turtle flipper skeleton. (c) Forearm rotation example.

The twist angle 6(t) shown in Fig. 6¢ was defined using the right-hand rule based on the
plane that intercepts the humerus and forearm with zero degrees in line with the horizontal x-
axis of that plane. The amount of twist produced by the turtles was identified by comparing a
detailed CAD geometry with the film images at various points along the upstroke and
downstroke, as seen in Fig. 6a-b. The CAD geometry was twisted, keeping constant mass and
volume until it closely matched the turtle's flipper in the film. The twisting of the CAD model
was achieved using the Solidworks tool "Flex" by twisting the flipper geometry between a
plane from the elbow to the flipper tip illustrated in Fig. 5¢c. The twist angle used was then
numerically stored with respect to time for the postprocessing operations. Matlab was used in
the same process as the previous section, fitting a function of flipper twist with respect to
time. However, a piecewise function based on a Fourier series was used as "equation (11)”:

( —724, 0<t<0.84

n

z gy sin(bagit + casr),  0.84 <t < 2.436

_ ) n=i
6(t) = 279, 2436<t<3e61z (D

n

z (i Sin(bygit + ), 3612 <t < 4.2

n=i

00 =% (12)

Where 6(t) represents the angle of twist in degrees, the coefficients a, b and ¢ are solved
using the Matlab functions, "sin5" and "sin6" to give five and six terms to each function. The
exact amount of flex on any point of the turtle's flipper could then be found applying
“equation (12)”, where x is the position of interest on the turtle wingspan (s).
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Figure 6: Flipper twist. (a), Downstroke twist of -72°; (b), Upstroke twist of 28°; (c), Reference plane with 0° being inline
with the horizontal x-axis of the elbow cross-section, additionally showing how the plane moves with the turtle flipper to
remain normal to the rotation axis.

3.12 Results and Discussion

3.13 Swimming pattern characteristics

Approximately one terabyte of film was collected during the period of observation. The
suitable film sets were identified by sea turtles producing full locomotion pattern of the
forelimb, as earlier described. Therefore, from the total amount of footage collected, we
found only seven film sets were appropriate for side views, while four film sets were
appropriated for front views. This selection process reduced the data from approximately one
terabyte to two gigabytes and a total of eleven sets of film.

Observations showed that all turtles filmed (meaning the eleven above-mentioned selected
sets) swam with the same general pattern as shown in Fig. 7, which resembles a closed loop
with extended sweeping of the flipper tip towards the centre of the carapace from the Sagittal
plane. At no time was the figure-of-eight pattern observed in the Sagittal plane previously
reported by others 357, However, the complete figure-of-eight pattern is evident from the
Transverse and Coronal planes. The average limb beat cycle was 4.2 £+ 0.32 seconds, closely
matching observations from past research 3. As observed in Fig. 7, we have broken down
the flipper motion into five stages, "Downstroke (DS)", "Sweep stroke (SS)", "recovery
stroke one (RS1)", "upstroke (US)", and "recovery stroke two (RS2)". The stages are defined
based on the flipper tip position in the Sagittal plane, as this was the only viewpoint that gave
a clear line of sight to the flipper tip for all values of time. To help simplify comparing each
of the turtle's swim patterns, the percentage of time spent in each of the five stages was
compared. Table 1 outlines the time spent in each of the five stages from observed swimming
patterns in wild animals. Our findings show that regardless of the turtle observed, limb beat
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frequency and ocean current, the flipper's percentage of time spent in each of the five motion
stages was very similar.

Table 1: Amount of time the flipper tip spends in each of the five stages. Data from the Sagittal plane. Refer to
supplementary Fig. S1 for swimming patterns.

1 (Fitzroy 0.9 0.8 0.9 1.1 0.6 4.3
Island)

2 (Fitzroy 0.9 0.7 0.8 1.2 0.6 4.2
Island)

3 (Fitzroy 1 1 1 13 0.7 5
Island)

4 (Fitzroy 0.8 0.8 0.7 11 0.5 3.9
Island)

5 (Fitzroy 0.7 0.7 0.8 11 0.4 3.7
Island)

6 (Heron 0.7 0.9 0.7 1.2 0.9 4.4
Island)

7 (Heron 0.8 0.7 0.7 1.2 0.5 3.9
Island)
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Legend

DS SS RS1 us RS2

Figure 7: Complete 3D reconstruction of flipper tip motion from observational video.Data spheres represent 0.084 second
time increments. When viewing from the Sagittal plane, the five stages can be characterised as follows: The downstroke (DS)
is characterised by the fastest flipper motion with a slight reward motion. Sweep stroke (SS) is characterised by substantial
horizontal displacement towards the centre of the carapace. Recovery stroke one (RS1) is characterised by slow-moving and
modest horizontal displacement to recover the flipper into position for the upstroke. The upstroke (US) is characterised by a
slow, predominantly straight path with slight forward motion. And finally, recovery stroke two (RS2) is characterised by the
slowest moving section of the stroke to ready the flipper for the fast-moving downstroke. (a), View from Coronal plane. (b),
3D View, (c), View from Sagittal plane. (d), View from Transverse plane.
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3.14 General swimming model

This section will continuously refer to Fig. 8-9, which details the flippers five stages of
motion. All plots are representative of a turtle with SCL equal to 610mm and "s;" equal to
one. During the “DS”, the flipper tip and elbow roll down together, creating the fastest part of
the limb beat. The flipper twist during the DS is at its most aggressive average angle of -72.4
+ 2.5° with the elbow going through its most significant displacement during this time. As
viewed from the Sagittal plane, the flipper tip takes a mostly straight path, making up 19.7%
+ 1.4% of the limb cycle. The “SS” movement starts when the humerus begins to slow, and
the elbow accelerates the forelimb in a curved sweeping motion until the flipper tip reaches
approximately half the carapace length. During this stroke section, the flipper twist rotates to
0°, bringing the two flippers parallel beneath the carapace. It can be observed that the elbow
begins to rise before the forelimb reaches the end of the SS, creating a clapping motion
similar to sea lions *°. Overall the SS made up 19% =+ 1.1% of the limb cycle. “RS1” is a
slow-moving motion of the humerus and forelimb to allow the turtle to get itself ready for the
upstroke by flexing the forelimb to an average value of 27.9 + 4.8°. Overall the RS1 made up
19% + 1.5% of the overall limb cycle. The “US” occurred at approximately 50% of the
downstroke speed, matching previous findings . During the entire US, a steady flipper
average twist of 27.9 * 4.8° was observed. Overall, the US made up 28% + 1.4% of the limb
cycle and looked entirely passive in motion. The final section, "RS2", is the slowest moving
of the limb beat cycle. During this process, the flipper twist travels through its most extensive
Rotation from 27.9 £ 4.8° to -72.4 £ 2.5°, making up 14% = 2.2% of the overall limb cycle.
The possible reason for the slow movement of RS2 is to help reduce turbulence during the
aggressive change in flipper twist, thus potentially lowering the drag coefficient.

3.15 Result verification

As the combination of separate sets of two-dimensional data creates uncertainty in the model,
we help verify the results by graphically comparing our three-dimensional model with
various footage sets of swimming turtles. Such verification shows a good visual correlation
between all footage sets (Fig. 10a) and our model (Fig. 10b). As displayed in Fig. 10a, in four
different specimens (Fig. 10a.1-a.4), though the flipper paths slightly differed from one turtle
to the other, excellent correlations were observed between the five flipper stages, with the
general swimming pattern evident in all specimens that produced complete wing oscillations.
For instance, the blue spheres representing the downstroke, it can be observed this produces
the fastest section of the limb cycle, with each sphere representing 0.1-second time intervals
for Fig. 10a. Additionally, the downstroke can be seen producing a small reward horizontal
motion. The pink spheres producing the sweep stroke can be observed in all specimens to
produce large amounts of horizontal displacement in Fig. 10 al-2, with a clapping motion as
seen in Fig. 10a3-4. Recovery stroke one shown in green spheres can be observed in all
specimens with considerable slow-moving horizontal displacement to recover the flipper into
a position suitable for the upstroke. The upstroke shown in purple spheres can be seen in all
specimens to produce a slow vertical motion with low levels of forwards motion. As seen in
Fig. 10a3-a4, the upstroke crosses paths with the downstroke to create a figure-of-eight path
before finally arriving at recovery stroke two, where the flipper travels at low speed into a
position suitable for the aggressive downstroke. Additionally, a “MATLAB” program
available in Appendix A: turtle_flipper.m with precompiled animations available at:
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https://www.nature.com/articles/s41598-022-21459-y#Sec17 was created to verify the
flipper's motion. The program solves the three-dimensional model to produce a live three-
dimensional animation of the flipper motion giving illustrative graphical feedback, where the
model presented in this work is visually compared with the flipper motion of wild green sea

turtles.
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Figure 8: Forelimb flipper kinematics plotted against time. Shoulder rotation point located at (92.5, 305,
27.6)(mm). All plots represent a turtle of SCL equal to 610mm. (a), Flipper tip position in x, (b), Flipper
tip position in'y, (c), Flipper tip position in z, (d), Flipper tip path in x,y plane. (e), Flipper tip path 3D. (f),
Flipper twist. (g), Flipper tip velocity in x, (h), Flipper tip velocity iny, (i), Flipper tip velocity in z.
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Figure 9: Elbow kinematics plotted against time. Shoulder rotation point located at (92.5, 305, 27.6)(mm).
All plots represent a turtle of SCL equal to 610mm. (&), Flipper elbow position in x, (b), Flipper elbow
position in 'y, (c), Flipper elbow position in z, (d), Flipper elbow path in x,y plane. (e), Flipper elbow path
3D. (f), Flipper elbow velocity in x, (g), Flipper elbow velocity in'y, (h), Flipper elbow velocity in z.

43



RS1

us

© © ©060

RS2

Figure 10: Comparison of various sea turtles filmed at different locations and times compared with the
proposed three-dimensional model. (a), Observed Flipper paths from four different sea turtle specimens
spheres within the figure representing the position of the flipper tip at 0.1-second increments. (b), The
proposed 3D model flipper path with spheres within the figure represents the flipper tip's position at
0.084-second increments.

3.16 Conclusion and Future Work

We present a five-stage cycle swimming locomotion model, in contrast to the previous four-
stage ones &7, adding a new finding we have named the sweep stroke. Based on findings from
previous work, this model could also potentially represent the swimming of the Hawksbill ®
and Loggerhead turtle 6. Our results provided no evidence of a figure-of-eight pattern in the
sagittal plane previously reported . Instead, it showed a closed-loop with extended
sweeping of the flipper tip towards the centre of the carapace to create a swept clapping
motion. However, a figure-of-eight pattern is evident in the transverse and coronal planes.
Although our methods for creating the three-dimensional models have been generated from
two-dimensional data, thus creating what could be called the best guess, we have illustrated
an excellent correlation between the model compared with natural swimming footage.
Additionally, the advantages of this process of collecting the data from the animal's natural
habitat without disturbing the animal far outweigh any disadvantages compared to more
traditional data collection methods. This could potentially lead to other animals being
analysed by filming with non-invasive underwater drone technologies. The model presented
here could lead to a better comprehension of the sea turtle propulsion methods and their fluid-
structure interaction.
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Chapter 4: Sea Turtles Employ Drag-Reducing Techniques to
Conserve Energy
4.0 Preface

Navigating the biomechanical and physiological mechanisms that underpin sea turtles'
efficient propulsion in their aquatic environments is a core area of this research. In an attempt
to unravel these complex phenomena, we have employed a variety of methodologies and
models, producing intriguing findings that contribute significantly to our understanding of
these marine creatures' locomotion.

The first piece of this work in chapter 3 offers a non-invasive method to study sea turtle
locomotion, resulting in a comprehensive three-dimensional kinematic model. Using
underwater drones, we observed these creatures in their natural habitat, Australia's Great
Barrier Reef and discovered a unique swimming pattern. This pattern notably expands on
previous four-stage locomotion models, suggesting a more nuanced five-stage cycle.

Chapter 4 advances the understanding gained from the initial investigation into the aquatic
movement of sea turtles, honing in specifically on the upstroke action in their swimming
pattern. This detailed study is directed towards unraveling the biomechanical efficiency that
enables these marine animals to embark on lengthy migrations, despite relying largely on a
diet consisting mainly of low-energy food. By delving into this aspect, this chapter seeks to
provide a comprehensive explanation of the remarkable endurance and resilience exhibited
by sea turtles in their natural long-distance journeys.

4.1 Abstract

Sea turtles are recognised as one of the ocean's most remarkable migratory species,
accomplishing journeys that cover thousands of kilometres. This fact is made even more
extraordinary when considering sea turtles consume mostly low energy foods. The biology of
sea turtles dominates the literature, however, the swimming strategies they employ to achieve
their migratory success from a biomechanical and hydrodynamic viewpoint is relatively
unexplored. In past research, the sea turtle's upstroke has been debated among researchers as
to whether it is passive or for thrust production. In this work, we recreate a model based on
the green sea turtle (Chelonia mydas) and develop an ad-hoc testing rig to uncover the secrets
behind the sea turtle's upstroke. Our findings suggest sea turtles utilise a passive upstroke that
can substantially lower the animal's drag coefficient to levels that cause insignificant losses in
swim speed despite not developing any thrust force. This can conceivably save the animal a
notable amount of energy as the upstroke is responsible for a large percentage of the overall
limb beat cycle. These findings could potentially pave a path towards developing high-
efficiency bio-inspired underwater drone technologies.
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4.2 Introduction

Sea turtles are well known to be one of the ocean's most fascinating migratory species, with
migrations across oceans covering thousands of kilometres 141680, These migrations are even
more interesting when considering their diet of low-energy foods 2°3-32, Understanding how
sea turtles accomplish such enormous migrations is not thoroughly understood but could be
partly due to their swimming strategies 3. Unlike flying animals 8-#2 and some swimming
animals & that require lift forces to stay in the air or remain afloat, sea turtles can regulate
their buoyancy to become almost entirely neutrally buoyant 2. Because of this, the turtle can
likely adapt their swimming style to maximise efficient propulsion.

Efficient propulsion in flying and swimming animals has been shown to occur as the animal
flawlessly sheds interacting vortices into their wake. The interacting vortices referred to as
the reverse von Karman vortex street, occur due to perfectly timed counterrotating vortices
shed at the extreme limits of the animal’s control surface (pectoral flippers/wings or caudal
fin) stroke. The interaction of the vortices produces high-momentum, high-velocity jet flows,
helping the animal replace some drag for thrust %. Sea turtles apply highly asymmetric
oscillations of their wings 317198 The asymmetric stroke pattern may indicate that sea
turtles cannot take full advantage of the reverse von Karman vortex. If so, what evolutionary
techniques have sea turtles adopted to produce efficient propulsion?

Work has been produced to replicate 2-dimensional asymmetric swimming patterns in sea
turtles 1"-1° by simplifying the analysis into a single plane and wing cross-section. However,
vortex shedding and wake signatures depend on the kinematics, so although these 2D studies
give insight, they fall short of fully uncovering the turtle propulsion methods. This leaves a
substantial shortcoming in our understanding of how this animal produces efficient
propulsion. Studies into the kinematics of sea turtles have often described the downstroke as
two times faster than the upstroke. However, there has been much debate about whether the
upstroke is a feathering stroke or for thrust production 3,5,84, with most studies taking data
from young juveniles, sometimes even hatchlings **?’. In a recent study by van der Geest et
al. ®, the swimming patterns of wild green sea turtles (Chelonia mydas) are detailed three-
dimensionally. They describe the upstroke as appearing passive, taking on average 1.2
seconds to complete with a relatively constant wing twist of 28° (Fig. 11). They also describe
the wing twist as linearly increasing from the turtle's elbow to the wing tip (wingspan (s))

with the exact amount of twist at any point along the span calculated by: 8(x) = gx Where

6 is the maximum amount of twist at the wing tip measured from the horizontal plane and x
is the location of interest along the turtle's wingspan (s).

In this paper we take advantage of the recent findings from van der Geest et al. ® and apply
them to uncover how the green sea turtle (Chelonia mydas) uses its pectoral wings (Fig. 11)
during the upstroke. To accomplish this, we design and build a full-scale turtle model based
on wild green sea turtles (Chelonia mydas) (Fig. 11) that can reproduce the animal's upstroke
through various testing procedures.
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Figure 11: Three-dimensional model of a green sea turtle (Chelonia mydas) displaying various levels of wing twist of the
pectoral wing. a, model showing upstroke with 28° degrees of wing twist. b, model showing downstroke with -72° of wing
twist®,

Our findings suggest that during the sea turtle's general swimming routine, they employ a
drag-reducing passive upstroke to conserve energy. This potentially supports how sea turtles
produce efficient propulsion to achieve their migratory success, as the upstroke is responsible
for a substantial amount of the overall limb beat cycle. Additionally, the passive upstroke can
lower the turtle's drag coefficient to levels that cause minor losses in velocity during the
upstroke period despite not generating any thrust force. To the best of our knowledge, this is
the first study that focuses on the upstroke in wild adult sea turtles and the first report of the
upstroke not only being passive but drag-reducing. Furthermore, these findings could be
applied and optimised to enhance the efficiency of underwater robots and drone technologies.

4.3 Methods

4.4 Overview of methods

To create the proposed model in Fig.11, we take full advantage of modern additive
manufacturing equipment to produce the model to a straight carapace length (SCL) of
490mm. Using a custom-designed and built tow rig shown in Fig. 12, we measure the drag
forces and upstroke based on the swim speed of sea turtles of 0.6 m/s ®"”. To streamline
experimental testing, the model is designed with quick exchange wing geometries shown in
Fig. 12b. Each wing geometry was created with various degrees of wing twist as produced by
wild sea turtles 358 (Fig. 12b). The test rig (Fig. 12a) was installed into a commercial
freshwater pool of dimensions 4m long by 2m wide and 1m deep.
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Figure 12: Test rig assembly. a, complete test rig assembly CAD model, with a closeup of pully assembly shown at the top
right. b, 3D printed turtle with all wings. Yellow/red and orange/red = 35° twist, red = 28°, orange = 22°, green = 18",
yellow = 15° and blue = 10°. Passive wings are shown above turtle with rigid wings below. All wings are manufactured to
the same volume and mass of 226.5 cubic centimetres and 230 grams. ¢, Image showing a typical test. d, workstation setup.

4.5 Sea Turtle Geometry

The sea turtle geometry (Fig. 11) was created from video footage of wild green sea turtles in
Australia's Great Barrier Reef obtained from work done by van der Geest et al. 8. This
process involved filming from the top, side and front of three different green sea turtles. The
video footage was then imported into CAD (SolidWorks, Waltham, Massachusetts, USA)
with each clip being placed and scaled onto the appropriate plane using the "sketch picture™
tool. Planes were generated within the images for producing 2-dimensional sketches that ran
to the limits of each Image. From this, the "Loft" tool is used to loft all 2-dimensional
sketches into a finished surface (Fig. 13a). This process was followed approximately four
times for the shell, head, front wings and rear fins geometries. The rear fins were modelled
tucked in behind the carapace, pointing backwards, as this lowers the turtle's parasitic drag
during the regular swimming routine 8.

Wing twist was modelled using the SolidWorks feature "Flex™ by twisting the wing geometry
linearly from a plane at the wingtip to a plane at the wing root (Fig 13c.). As seen in Fig 13b,
the wing twist values are based on findings from van der Geest et al.#, where they matched
their CAD models with footage of freely swimming green sea turtles while keeping the CAD
model mass and volume constant. The exact amount of twist at any point on the wing can be

found using: 8(x) = gx. Where 6 is the maximum amount of twist measured from the
horizontal plane and x is the location of interest along the turtle's wingspan (s).
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Twist axis

Figure 13: Turtle geometry development. a Side, top and front view footage sets of wild green sea turtles (Chelonia mydas)
overlayed in CAD showing the two-dimensional sketches on each generated plane. b, Images from van der Geest et al. 8
showing wing twist compared with CAD models during the upstroke. ¢, Wing twist generation in CAD using the SolidWorks
feature “Flex” to generate a linear varying twist between the plane at the wing tip (ved plane) and elbow (green plane).

4.6 Test Rig Design and Manufacture

This section details the design to manufacture of the test rig assembly as displayed in Fig. 12.
The turtle chassis (head, carapace and rear flippers) was 3d printed from PLA+ (Esun,
Shenzhen, China) in six separate hollow sections (Fig S2). Each section was printed at 215°C
with 0.2mm layer heights with a consistent 1.6mm wall thickness. The part cooling fan was
set to 80% flow rate to capture fine details but did not affect layer adhesion. Each part of the
chassis was designed to fill with water through filling bungs at the bottom of each section to
make the chassis slightly negatively buoyant. The front wings were manufactured in two
sections: the wing tip to elbow section and elbow to shoulder section (Fig S2). These used
identical temperatures and layer heights as the chassis however, 18 solid top and bottom
layers with 9 shells at 35% honeycomb infill were used for the wing tip to the elbow section.
The shoulder to elbow section used the identical infill settings however, 26 solid top and
bottom layers were used with 13 shells. All parts were sliced with Simplify3D (Simplify3D
version 4.1, Cincinnati, Ohio, USA) and printed on a "Caribou 420 MK3s Rel 3" machine
(Caribou MK3s, Remagen, Germany).. The printer was set up with a Mosquito hotend, (Slice
engineering, Florida, USA) with 0.4mm nozzle and dual gear direct drive extruder (Bondtech,
Varnamo, Sweden). Using these print settings, a surface finish of Ra 7um perpendicular to
flow direction and Ra 3um parallel to flow direction was measured with a stylus profilometer
(FORMTALYSUREF 50, Taylor Hobson, Leicester, UK)(Fig S3). All fins were manufactured
to 230 grams with an identical volume of 226.5 cubic centimetres. The centre of buoyancy

49



for every fin was 70mm from the fin rotation axis, with the centre of mass located 73mm
from the rotation axis. This created a small torque to resist passive operation.

The pulley assembly was primarily 3d printed except for the linear rails, standard hardware
and the main aluminium truss frame. All printed parts used Esun PLA+ except for the motor
mount that was printed from PETG at 245°C. PLA+ and PETG were printed with 4 shells 8
top and bottom solid layers with 35% honeycomb infill.

To ensure the absolute lowest friction while running all rotating components used 100%
Zirconia Oxide ceramic bearings, this also made sure the bearings that were located
underwater did not suffer from corrosion. The motor and pulley assembly was installed onto
a linear rail, allowing the motor and pulley to pull against the force sensor. The pulley cable
was from Spectra fibre 501b braided line (Spectra® , Honeywell, North Carolina, USA) due
to its high strength to low stretch properties. During towing, the braided line was designed to
neatly wind onto the pully to ensure the system had a consistent velocity after the
acceleration stage.

The pulley system was controlled by an electric circuit consisting of a stepper motor "NEMA
17", an A4988 stepper motor driver (Allegro Microsystems, Manchester, New Hampshire,
USA), a microcontroller (Arduino.cc, Somerville, MA, USA) and a variable DC power
supply (SkyRC Technology, Guanlan, Shenzhen, China). The Arduino controlled the angular
speed of the motor in revolutions per minute (RPM) using the A4988 driver. The necessary

RPM was calculated from the required linear velocity using the following formula: RPM =

2—2:, Where "v" is the linear velocity, and "r" is the radius of the pulley (r = 0.0225 m).

Furthermore, to ensure a smooth transition at the start of each test and to avoid high
acceleration loads, linear velocity was defined as: v = 0.2t, Where t the time in seconds was
terminated at maximum velocity to keep the system at the desired constant velocity.
Moreover, to ensure smooth motor steps during the low initial speeds, micro-stepping of %
step was implemented.

4.7 Testing Procedure

Drag force testing consisted of five procedures, all of which were repeated a minimum of five
times at 0.6 m/s. The Arduino program that controlled motor speed was tuned to ensure
motor speeds were within a 0.5% target. The speed was verified by timing how quickly the
pylon passed white markers placed on the linear rail using high-speed video footage at 240
FPS. Additionally, the pully RPM was verified with a digital tachometer to ensure linear
velocity was proportional to angular velocity values. All tests performed consisted of towing
a pylon of cross-section NACA 0010 on a linear rail, as seen in Fig 12, down a 4m long, 2m
wide and 1m deep freshwater swimming pool of temperature 20 to 21°C. Data was collected
for the last second of running to ensure the system was as close as possible to steady-state.
Depending on the test, the pylon would have the following items attached consisting of:

- Pylon only (No attachments)

- Pylon with force sensitivity device (To measure system
sensitivity to lift forces)

- Pylon with Sea turtle model and rigidly mounted wings
(Wings could not rotate)
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- Pylon with Sea turtle model and passive wings (Wings are
free to rotate)

- Pylon with sea turtle model with wings removed (No
wings turtle carapace only)

Running the pylon only without attachments resulted in a resistance of 0.596 + 0.016N at 0.6
m/s. This value was then subtracted from all force measurements. A sensitivity study was
conducted to ensure that any lift forces generated did not affect the drag force due to an
increase in load acting normal to the linear rail. This process involved designing the device
shown in Fig. 14 that could retain a constant hydrodynamic drag force while controlling a
variable force acting normal to the linear rail. Adjusting the normal force was achieved by
inserting 100-gram weights internally into the device (Fig. 14b). The device produced a
maximum buoyant force of 8.085 N, acting normal to the linear rail with no internal weights.
Additionally, this buoyant force was positioned forwards of the bearings to induce a moment
to simulate the torque generated by the lift force from the rigid turtle wings. The findings
from this exercise showed that the system's sensitivity to forces acting normal to the linear
rail could be neglected with changes only up to 0.06N evident in the pull force data (Fig. S4).

The passively mounted wing and rigidly mounted wing both shared identical geometry except
for the attachment point with rigid wings using a splined input shaft to prevent rotation and
the passive wing using a smooth input shaft running on ceramic bearings. This allowed the
passive wing to freely rotate about the turtle's shoulder during a tow tests.

Figure 14: Normal load sensitivity study. a, Calibration device schematic with Fz = 8.085N and F,, = 0.981n, where n is
equal to the number of 100-gram weights used. b, Calibration device with six 100 gram weights installed.

Upstroke angular displacement data was obtained by filming the turtle during a tow test from
the front, as illustrated in Fig. 15. Tests were performed at 0.6 m/s tow speeds. Filming was
done with a Paralenz VVaquita camera (Paralenz, Rgdovre, Denmark) at Full HD 240 FPS.
The video footage was edited in the software "VideoPad Professional™ (NCH Software,
Canberra, Australia) to find the time taken to complete the upstroke. The test rig was set up to
release the fins at approximately 135° clockwise from the vertical axis, this was defined
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based on findings by van der Geest et al.3* based on the position of the wing at the start of the
upstroke in wild sea turtles. The top of the upstroke was taken as the wings highest point
before leaving the camera frame. Based on the time taken for the wings to complete the
angular displacement, angular velocity could be calculated for 0.6 m/s swim speeds.

Figure 15: Upstroke data collection showing wings of 35 ° twist during a 0.6 m/s pull test. a, Beginning of upstroke as wings
leave the 135° constrainer. b, Top of the upstroke measured anticlockwise from the virtical axis.

4.8 Flow Pattern Generation

Dye injection was used to help better understand why the fluid dynamic forces changed for
each testing case. Flow patterns generated by the turtle were documented by injecting water-
based dye. The water-based dye ensured it remained neutral after injection and did not sink or
rise in the water column. Documentation of flow patterns was obtained by filming how the
dye mixed with freshwater when the turtle passed through (Fig S5a-d and Video S1, video
availble at https://www.mdpi.com/2077-1312/10/11/1770 ) using two high-speed cameras
(Chronos 2.1-HD 32GB, Kron Technologies Inc, Burnaby, Canada) filming at full HD 1000
FPS. Dye testing was utilised for this work due to its ease of application, low cost and has
been successfully applied in many high-level applications 858,

As no commercial devices were available to purchase for such a test, two devices were
designed and built, shown in Fig. 16a-b to allow different methods of dye injection. Device
one (Fig. 16a) could inject significant levels of stationary dye with up to two colours. The
device made it simple to acquire information on wing tip vortex formation concerning
passive and rigid wings. On the other hand, device two (Fig. 16b) was designed to induce
streamlines into the turtle's incoming flow to help visualise flow separation and attachment
(Fig S5a-d and Video S1 video availble at https://www.mdpi.com/2077-1312/10/11/1770).
Both devices utilised medical syringes built into their central bodies and produced dye
injection via a hand trigger.
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Figure 16: 3D printed flow vis test equipment. a, Dual injection tool for inserting motionless clouds of dye. Actuation via
hand trigger attached via a braided line to a sliding plunger b, Streamline injection tool to add streamlines of dye into turtle
swim path. Actuation via hand trigger attached via a braided line to a rack and pinion mechanism. (Hand trigger location
not in actual position).

4.9 CFD Analysis

CFD simulations were produced with commercial CFD software ANSYS Fluent (ANSYS
2021 R2, Pennsylvania, USA) using the Reynolds Average Navier Stokes (RANS) models.
The CFD simulations in this study were only made for rigidly mounted wings. The
simulations also served two purposes: firstly, to provide a second solution to the drag
coefficients that did not rely on testing results and secondly, to help display the flow features
that caused the increase in drag during non-passive wing operation.

The pylon geomerty was subtracted from the computational domain and all surface fasteners
to simplify the model thus lowering nodal count. The computational domain (Fig S6a) was
set up with a symmetry boundary condition to half the domain and substantially lower
computational expense. The curvature of the pool wall was modelled in and set as a zero slip
moving wall, with the pool surface modelled as a zero shear/free slip wall. All surfaces of the
turtle geometry were set as zero slip smooth walls, with the measured surface roughness not
considered in any simulations. Fluents Poly Hexcore mesh was used, containing
approximately 12,500,000 nodes and 6,000,000 elements. Each simulation had an initial
estimate using the realisable k-epsilon model before switching to the k-omega SST model.
The mesh was refined down to an average wall y* value of 1.07 to resolve the flow down to
the viscous sublayer. Bodies of influence were added at the wingtips, rear of the turtle's body
and one zone encasing the entire turtle assembly to refine the mesh in those critical areas.
Monitors were set up to observe the scaled residuals, drag force, lift force, wall y* and the
standard deviation of the velocity at the outlet. Comparing the CFD values with field test
values, a close correlation was achieved for the drag coefficient (Fig. S6b). Additionally,
when comparing flow patterns from CFD to field testing, corresponding flow feature trends
were obtained.
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4.10 Results and Discussion

The results section is broken up into three subcategories. The first section describes the effect
of a passive wing on the overall turtle drag coefficient (c,), as well as details the contribution
towards changes in c;. Additionally, our turtles c, results and frontal area are compared with
the same values from literature to ensure geometry correlates with previous works. The
second section details the effects of the wing twist on time required to complete the turtle's
upstroke. The final section details a numerical process to calculate the drop in swim speed
due to the turtle producing a passive drag reducing upstroke.

4.11 Effect of passive wings on the turtles drag coefficient

Testing with the wings held rigidly would increase the drag force almost linearly for all
values of wing twists. Contribution to the increase in drag came from an increase in
magnitude of the wing tip vortex (Fig. 17a) and increased flow separation due to adverse
pressure gradients (Fig. 17b) caused by the increase in wing twist. The passive wings
(meaning the wing is free to rotate around its axes, refers to the axes of rotation in Fig. 18d)
were able to keep prolonged flow attachment (Video S1 and Fig. S5) owing to the relative
angle of attack remaining constant along the wingspan. This was owing to the addition of an
increasing vertical component of velocity towards the wingtip. Additionally, the wingtip
vortex was cancelled out, likely due to the wing entering a near-equilibrium state, creating
near-constant pressure across each surface, preventing any cross-flow due to pressure
differences. To quantify these effects, the drag coefficient (c;) was calculated applying:

_ 2Fg
Cqa = y >
pPh2oV

Where F,; was the average drag force (obtained from test rig data) acting on the turtle and
wing assembly, A,, the projected area perpendicular to the flow direction, p,,, the fluid
density and v the tow speed. All force measurements were taken at 0.6 m/s with a Reynolds
number (Re) of 297,970 based on the straight carapace length (SCL). The Reynolds number
was defined by:

vDgscL
Re — SCLPh20
Hh2o

Where v is the tow speed, the characteristic length is defined as Dg; With py,, and pyo,
being the fluid density and dynamic viscosity. Referring to Fig. 8a, it can be observed an
average c, for a passive wing was 0.151 + 0.008 and was obtained for all values of wing
twist. Tests without wings produced a c; of 0.133 £ 0.012, which directly coincides with
values obtained by T.Todd Jones et al. 8 of 0.13 + 0.02 from castings (without front wings)
of deceased green sea turtles through wind tunnel testing.

Additionally, the frontal area of our test rig model was between 0.0436 to 0.0482 m?
(depending on wing twist). This closely correlates with findings by Kinoshita et al. 3 of
0.0416 to 0.0448 m? for similar-sized green sea turtles. Based on the mentioned literature,
the accuracy of our green sea turtle geometry appears justified.

54

(1)

(2)



Based on the c, values, it can be observed that a passive wing, regardless of wing twist, only
contributes to 12% of the overall drag on the turtle, while rigid wings contribute from 21% up
to 50% of the overall drag depending on the value of wing twist.

4.12 Passive wing rotation speed based on wing twist

Fig. 18b displays the average angular velocity of a passive wing from testing results at swim
speeds of 0.6 m/s. Based on the average upstroke displacement of 79.6° , we found a passive
upstroke with a wing twist of 28° occurs in 1.25 seconds at a swim speed of 0.6 m/s, closely
matching the findings of van der Geest et al. (Fig. 18c) & of 28° twist in 1.2 seconds.
Moreover, this swim speed aligns neatly with literature for the cruising speeds of sea turtles
677 Unsurprisingly, the 35° wing twist produced the fasted upstroke at just 1.03 seconds,
with the lowest wing twist of 10° completing the upstroke in 3.07 seconds.

Tests for this work was carried out with a slightly negatively buoyant wing geometry (Fig.
18d). This was based on the body density of a sea turtle being 1046.5 kg/m3 % in saltwater
of density 1025 kg/m?3. There was a slight mismatch in the centre buoyancy compared with
the centre of mass of the test wings due to manufacturing limitations, however, the position
remained constant for all wings manufactured.
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Figure 17: CFD post-processing results of flow field velocity for a rigid wing of flex 35°. a, Rigid wing generating the
wingtip vortex. The Image on the left shows streamlines starting at the turtles wing. The Image on the right shows the vortex
core via a transverse plane. b, Longitudinal section plane through turtle wing showing flow separation due to adverse
pressure gradients observed on rigid wings.
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Figure 18: Testing data and parameters. a, Drag coefficient vs wing twist, the blue line represents a rigidly mounted wing
with green line representing a passive wing b, Average upstroke angular velocity vs wing twist for passive wings. ¢, Sea
turtle swimming pattern 8 detailing upstroke angular displacement of 79.6° for the turtle's wing with solid green links and
purple spheres. Blue spheres represent downstroke, pink spheres the sweep stroke, green spheres the recovery stroke one,
and orange shears recovery stroke two®. d, Free body diagram of test rig fin showing the centre of gravity acting 73mm
from the rotation axis and centre of buoyancy acting at 70mm from the rotation axis.

4.13 Velocity drop during the non-propulsive upstroke

Based on the findings, it is reasonable to assume the turtle does not generate any thrust during
a passive upstroke and thus must lose swim speed during the upstroke period. To quantify
this, the drop in swim speed as a function of time was derived from Newtonian physics as:

Apphzovzcd
2m

Vdrop t) = t, 3)

Where v is the initial swim speed, c, the average drag coefficient during the upstroke, pp,,
the fluid density, t, the time taken for the upstroke to complete with the turtle mass m
calculated based on research by Eguchi et al. °* using their empirical function with respect to

the SCL: m(SCL) = e96*0045¢L The frontal area A, was found by scaling the turtle CAD
geometry seen in Fig. 19a, within CAD to varying levels of SCL. At each scale A,, was
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measured within CAD as seen in Fig. 19a. The results of A, with respect to SCL proved to
align remarkably well with the past research values obtained by Kinoshita et al.>.

It can be observed in Fig. 19b that the loss in swim speed for larger turtles is as low as 0.03
m/s. Combining findings from earlier work that relate the mass and size of a turtle to its age
9293 with findings from this study shows adult sea turtles >80kg are far less affected than
juveniles < 80kg for swim speed losses generated by a passive upstroke. This could suggest
that adult green sea turtles are naturally more efficient swimmers. From an evolutionary and
behavioural perspective, this suggestion makes sense as the adult green sea turtles must
undertake enormous migration distances during breeding seasons.

a SCL b Loss in swim speed vs turtle mass @ initial velocity 0.6 m/s
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Figure 19: Turtle geometry and its effects on swim speed. a, Extraction of turtle frontal area A, with respect to SCL from
CAD. b, Loss in turtle swim speed during a passive upstroke with an initial swim speed of 0.6 m/s versus turtle mass. Based
on the time required for each wing to complete upstroke displacement of 79.6° obtained from testing data.

4.14 Conclusion and Future work

Although in this study, a rigid body with constant wing twist is analysed, when applying a
wing twist of 28°, our model completes the turtle's upstroke in 1.25 seconds at a swim speed
of 0.6 m/s. This aligns smartly with the findings of wild green sea turtles of 28° wing twist
completing their upstroke in 1.2 seconds & and turtle swim speed of 0.6 m/s "®77.
Additionally, this supports the work of van der Geest et al.®* that the turtle's wing remains
relatively constant in shape during the upstroke. Based on these findings, we suggest that sea
turtles apply a drag-reducing passive upstroke to conserve energy. This makes practical sense
as sea turtles have a cambered aerofoil-shaped wing that could generate inefficient thrust for
the upstroke. The passive upstroke can be further justified because it occurs in approximately
half the time of the turtle's downstroke 38, It must be noted that sea turtles may not always
apply a passive upstroke. However, the passive upstroke can substantially lower the turtle's
drag coefficient to levels that cause minor changes in velocity during the upstroke period
despite not generating any thrust force. This is particularly the case for larger turtles due to
their increased body mass compared with their frontal area potentially helping answer how
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green sea turtles (Chelonia mydas) migrate on such little energy intake 2%31-3, With a passive
upstroke, it is possible the turtle produces diminutive vortex shedding at the top of the
upstroke this could mean the reverse von Karman vortex is unattainable. To test this
hypothesis is accurate, the complete three-dimensional swimming routine will need to be
reproduced. A dedicated work to produce this is currently undergoing and it will be disclosed
in a future publication. Furthermore, this work provides new avenues to study animal
locomotion without the need for animal interaction by utilising life-like additive
manufactured testing equipment coupled with simulation. Additionally, these findings could
be optimised for conserving energy in bio-inspired underwater drone technologies.
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Chapter 5: Soft-robotic green sea turtle (Chelonia mydas) developed
to replace animal experimentation provides new insight into their

propulsive strategies
5.0 Preface

This research into the remarkable biomechanical prowess and physiological efficiencies of
sea turtles, particularly their propulsion mechanisms in aquatic environments, continues to
unveil fascinating insights. Chapter 4 focused on the sea turtle's upstroke motion during
swimming. Through a model based on the green sea turtle (Chelonia mydas), we discovered
that sea turtles utilise a passive upstroke, reducing drag significantly and maintaining swim
speed without actively producing thrust force, presenting a possible energy-saving
mechanism integral to their incredible endurance.

Building on these insights, chapter 5 dives deeper into understanding the green sea turtle's
astonishing ability to accomplish expansive journeys up to 50km per day on a diet primarily
composed of seagrass or microalgae. These feats not only point towards the efficacy of their
swimming techniques but also stand as a powerful testament to the process of evolution.

Investigating the propulsive strategies that enable such accomplishments presents unique
challenges, especially considering the ethical implications of experimenting on an
endangered species and potential behavioural alterations under experimental conditions. To
circumvent these issues, chapter 5 details the development a new soft-robotic sea turtle that
accurately replicates the form and function of the real animal, offering crucial biomechanical
insights without resorting to invasive experimentation.

5.1 Abstract

Green sea turtles (Chelonia mydas) can swim up to 50km per day while only consuming
seagrass or microalgae. How the animal accomplishes this vast journey on such low energy
intake points to the effectiveness of their swimming technique and is a testament to the power
of evolution. Understanding the green sea turtle's ability to accomplish these journeys
requires insight into their propulsive strategies. Conducting animal testing to uncover their
propulsive strategies brings significant challenges: firstly, the ethical issues of conducting
experiments on an endangered animal, and secondly, the animal may not even swim with its
regular routine during the experiments. In this work, we develop a new soft-robotic sea turtle
that reproduces the real animal's form and function to provide biomechanical insights without
the need for invasive experimentation. We found that the green sea turtle may only produce
propulsion for approximately 30% of the limb beat cycle, with the remaining 70% exploiting
a power-preserving low-drag glide. Due to the animal's large mass and relatively low drag
coefficient, losses in swim speed are minimal during the gliding stage. These findings may
lead to the creation of a new generation of robotic systems for ocean exploration that use an
optimised derivative of the sea turtle propulsive strategy.
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5.2 Introduction

The migrations of green sea turtles (Chelonia mydas) have been shown to cover as far as
2342km in only 47 days, the equivalent of travelling 50km per day *6. What makes this
journey remarkable is the low-energy foods they consume, mainly seagrass and microalgae

32 The biology of sea turtles dominates the literature, yet, research into the animal's
propulsive performance has had little investigation, with most work simplifying their analysis
to a rigid body with simplified kinematics!”*8. Understanding the sea turtle's propulsion
methods could potentially lead to the development of highly efficient robots for long-term
underwater missions that take inspiration from the animal's locomotor patterns. However,
gaining this understanding is of enormous complexity. Firstly, studying an endangered live
animal brings tremendous inconvenience in obtaining ethical approvals 8. Additionally, the
animal may not even swim with its natural locomotor pattern when in captivity 8. To
overcome these limitations, researchers have tried to design and build animal-inspired robots
to help comprehend and take advantage of unique animal characteristics 4°->*%, Developing a
robotic sea turtle could be the solution to uncovering the sea turtle's secrets in propulsion and
energy consumption. Some robotic sea turtles have been created in the past >°°6:58-62
however, all attempts have failed to entirely mimic the sea turtle's locomotor pattern and
flexible limbs. In some cases, these attempts have only introduced two degrees of freedom
systems®®°%62 |t is well understood that sea turtles produce complex three degrees of freedom
motion, demonstrating the shortfall in those studies to reproduce genuine kinematics. While
other works have introduced three degrees of freedom 86963 the main goal in their works
was not to try and truly mimic the sea turtle but demonstrate a novel turtle-inspired robotic
technology. In recent work, an updated sea turtle locomotor description for the animal's
general swimming routine is provided by van der Geest et al. 3, which details the 3-
dimensional flipper patterns, including the active twisting of the flipper. They found that wild
green sea turtles had a different swimming pattern than previous studies on juveniles in
capitivity®. Additionally, they outlined how the flipper's motion can be broken up into five
stages consisting of: Downstroke (DS), Sweep stroke (SS), Recovery stroke one (RS1),
Upstroke (US) and, Recovery stroke two (RS2) (Fig .20). During the green sea turtles general
swimming routine it is understood green sea turtles produce an average limb beat cycle of
about 0.23Hz?%8 to swim an average speed of approximately 0.6m/s287677.%5,

Developing a robotic sea turtle that can genuinely mimic a real animal brings two significant
complexities: Firstly, the flippers need to be a soft robotic device that can actively change
shape to achieve optimum levels of wing twist while simultaneously supporting large flexural
loads from the hydrodynamic forces. This is difficult to achieve with rigid robots that require
stiff and multiple mechanisms leading to intricate assemblies to realize complex movements.
Hence, soft robotic devices have been developed, as they can use simple deformations to
achieve natural movements mimicking biological systems %% Current soft wing twisting
technology has, in most cases, taken two forms: the first form produces actuation via shape
memory alloys (SMA) or ionic polymer-metal composite (IPMC) 626768 However, as a
creative approach, these solutions fail to produce large hydrodynamic forces when used in
flapping wing conditions. The second form comes in solutions that include a soft material in
the rigid robot, adding compliance to the system and allowing them to generate complex
movements 49526970 These solutions can support higher hydrodynamic loading at the
expense of more complex design and manufacturing requirements. The second complexity to
producing a realistic robotic sea turtle is that the overall form factor of the robot should look
identical to that of the actual animal, thus making packaging of the required hardware within
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the robotic limbs a tedious and ambitious design challenge. In recent work by Yan et al®!., a
turtle-inspired robot with variable stiffness hydrofoils describes a design that can vary the
spanwise stiffness of the flippers with an assembly of small rigid bodies. Although it shows
novel elements, it fails to realise an essential aspect of the sea turtle's flippers: the spanwise
twist. The continuous smooth (one single body) twisting of the pectoral flippers is essential to
ensure the correct angle of attack is produced along the flipper span to achieve maximum
efficiency.

To address these challenges, we reverse-engineered the natural sea turtle into a robotic form
to attempt and replicate the real turtle's form and function (Fig 21 and Movie S1 available at
https://www.nature.com/articles/s41598-023-37904-5#Sec17 ). To the best of our knowledge,
this is the world's first sea turtle robot designed exclusively for replicating the natural animal
locomotion. The goal of this robot is not to enhance or improve sea turtle locomotion but gain
further insight into how this animal produces propulsion. This new robot design is equipped
with soft robotic flippers and a rigid shell, made possible by taking advantage of modern
additive manufacturing equipment. The design can reproduce the natural swimming patterns
based on the natural form of the green sea turtle (Chelonia mydas) (Movie S1). The flipper
design, consists of a variable stiffness (across the span) polyurethane rubber that is cast in situ
over a central carbon fibre spar that is connected to an additively manufactured rigid flipper
tip. The design can produce near perfect linear twist along its span up to the rigid zone as per
the twisting motion of real green sea turtles 3 (Movie S2 available at
https://www.nature.com/articles/s41598-023-37904-5#Sec17) using only a single actuator.
To determine the mechanical performance and endurance of the soft flipper design, bending
and fatigue tests were performed. These results indicated that the design could support large
flexural loads and operate robustly throughout its intended lifespan (Movie S3 available at
https://www.nature.com/articles/s41598-023-37904-5#Sec17).

To reveal the propulsion performance, testing was performed within a freshwater tow tank to
measure power consumption, thrust, drag and lift forces during the animal's regular
swimming routine. Our findings show that the animal only produces thrust for approximately
1.4 seconds of the animal's 4.3-second flipper oscillation to produce an average swim speed
of 0.602 m/s. During the remaining 2.9 seconds, the flippers go into a remarkable energy-
saving recovery glide that does not substantially reduce the swim speed due to the animal's
large mass and relatively low drag coefficient.

These findings advance our understanding of how sea turtles produce propulsion during their
regular swimming routine. Thus, these findings may lead to new opportunities to optimise the
findings for higher propulsive performance and efficiency to enhance the next generation of
ocean exploration technologies.
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Figure 20: Five stages of the green sea turtle's swimming pattern as illustrated with coloured spheres 8. (a) Swim pattern
viewed from the sagittal plane (b) Swim pattern viewed from the Coronal plane. (c) Swim pattern viewed from a 3D
viewpoint.

5.3 Results
5.4 Sea turtle robot design

Designing the robot to meet a real sea turtle's natural form and function brought with it many
levels of complexity. Most of which come from packaging the required hardware into the
organic surfaces that make up the turtle's form. The design process took an iterative approach
by starting with a CAD model based on real sea turtles developed through multiplane
extraction of video footage 8°° and building in the necessary hardware required to have the
robot meet the natural sea turtle locomotion while attempting to obtain the original form as
closely as possible. To simplify the manufacturing process, the flipper geometry was
simplified compared to a real turtle by removing the trailing edge serrations, scales and
leading edge claw (Fig. S8a). However, the flipper cross-section remained as a turtle-inspired
cambered hydro-foil profile *°. Additionally, the locomotor pattern was minimised to three
degrees of freedom. The locomotor patterns (Fig. 22a and Movie S1) were based on recent
work by van der Geest et al. 84, with the flipper equations of motion (plotted in Fig. 22b) in
roll and yaw, expressed using a Fourier series with n = 8, (equations 1-2) and pitch (flipper
twist) expressed as a linear piecewise function (equation 3) with (t = 0) set at the end of the
sweep stroke (SS) and beginning of Recovery stroke one (RS1):

n
Orou(t) = a, + Z air cos(iwyt) + by sin(iwyt) (D
i=1
n
Oyaw () = a, + z ajy cos(iwyt) + by, sin(iwyt) (2)
i=1
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Rotation axes were placed, considering the location of the turtle's shoulder and elbow joints
based on video footage of real animals swimming in Australia's Great Barrier Reef (Fig. 22c).
It is worth highlighting that despite the limb degrees of freedom being constrained to three,
the robot could still perform the general patterns described by van der Geest et al.®,

Due to the turtle body's complex surfaces, additive manufacturing was extensively used
throughout the assembly, with carbon fibre and aluminium only used on highly stressed
components such as drive shafts and couples. The turtle was manufactured to a straight
carapace length (SCL) of 610mm from nine bonded sections to form the final geometry (Fig.
S7b). Additionally, the turtle's main body was designed to fill with water to help neutralise
buoyant and gravity forces. All rotation axes were supported with zirconia oxide bearings to
remove unwanted wobble to the robotic limb and provide a smooth, corrosion-resistant
rotation. Due to the additive manufacturing process, all cable management was done through
specially printed internal channels within the turtle limbs to hide and protect the cables while
allowing the necessary degree of freedom during operation. The robot's rear flippers were left
static and thus uncontrolled. This was because when entering their general swimming routine,
the rear flippers are almost motionless, tucked in, and pointing backwards to lower their
parasitic drag 8% (Movie S4 available at https://www.nature.com/articles/s41598-023-
37904-5#Secl7).

Figure 21: Final sea turtle robot design based on the green sea turtle (Chelonia mydas).
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Figure 22: Sea turtle locomotion patterns. (a) Robot sea turtle assembly showing flipper position and twist @ 0.08 second
time intervals in the five stages of the sea turtle locomotor pattern consisting of the downstroke (DS), Sweep stroke (SS),
Recovery stroke one (RS1), Upstroke (US), and Recovery stroke two (RS2) as viewed from the Sagittal, Coronal and
transverse planes. Time taken to complete each of the five stages is presented at the bottom of each column (b) Equations of
motion in roll, yaw and pitch (Twist) plotted against time for two complete flipper cycles at a flapping frequency of 0.23hz.
(c) Exploded parts view of the sea turtle robot limb showing the rotation axis locations and hardware.

65



5.5 Soft robotic flipper design

The natural twisting of the sea turtle's forearm can be illustrated with a linearly varying
twisting motion from the turtle's flipper tip to the elbow 84, The exact level of twist along the

. : Do . .
flipper span can be found with 8(x) = %”(t)x Where Op;;c, (t) is the maximum amount

of twist applied by the turtle at any point in time and x the position of interest along the
flipper span (s).

To physically achieve a linear twist relationship, it is understood that when torque is applied
to a cylinder of constant stiffness and diameter from a solid mechanics principle, a linear
twist is produced down the cylinder length. Applying such a simple principle to achieve
linear twist to a soft robotic flipper of varying cross-sections required the device to be
manufactured in sections of varying stiffness.

The design process to achieve this took an iterative design approach by solving simulations
within FEA of various composite flipper models (see methods section for FEA setup). This
process involved slicing the flipper model into various sections and applying a variety of
material properties to each section until a linear twist throughout the flipper span was
achieved (Fig. 23a,b and Fig. S8b).

The optimal design was composed of a rigid carbon fibre spar that transmitted torque to a
rigid flipper tip through a single actuator. As the actuated flipper tip rotates, this causes the
flipper body to produce the required twist. The main body of the flipper was manufactured in
three sections composed of a cast polyurethane rubber of stiffness shore A harness A40, A60
and A70 (Fig. 23c), with the softest material set at the flipper root and with the stiffest close
to the flipper tip. The flipper tip was manufactured with a porous structure to allow the
polyurethane to bond firmly to the rigid structure. This bond area produces a semi-rigid zone
between the flipper tip and the main flipper body, where the polyurethane overlaps the rigid
zone. Manufacturing the flippers involved casting each layer simultaneously from the hardest
to softest material, allowing the polyurethane to bond as though one single material at each
interface. The mould was of a split design incorporating shrinkage risers and a holding jig for
the carbon fibre spar and flipper tip in a simple single-part design (Fig. 23c and Fig. S9a).

Overall the design ensured the flipper could sustain large flexural loads while achieving the
desired soft twisting actuation from +80° (Movie S2) while only consuming a maximum
power input of 4.5 watts per flipper at 80° of twist (Fig. 23d). To understand the mechanical
properties of the soft robotic flipper and evaluate its ability to support flexural loading,
fatigue and single-point bending tests were performed on two identical flipper assemblies.
During the single-point bending test, the flipper sustained a 14.8Nm bending moment
deflecting down at the wing tip 70mm before the travel in the holding tool reached its max
permissible deflection (Movie S3). The flipper may have resisted higher bending moment had
the tool been designed to hold the wing higher from the machine bed. Fatigue tests were
performed in a custom-built acrylic tank to actuate the flipper twisting motion for one
complete cycle of -73° to 35° (108" total) underwater (Movie S3 and Fig. S10a-d). The flipper
sustained 922,154 cycles, equivalent to swimming 2395 km (refer to the methods section for
additional details). At the end of fatigue testing, the leading cause of failure was the seizing
of the servo transmission. The flipper showed no evidence of failure at the casting interfaces
however, at the flipper trailing edge, the adhesive had begun to separate from the wing root
(Fig. S10Qe).
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Figure 23: Twisting flipper design. (a) The plot of desired flipper twist against the actual flipper twist. The actual twist value
position is projected down onto the CAD model's plan view, which also shows the twist axis's location and level of material
stiffness throughout the flipper span (b) Cross sections taken from the FEA simulations that directly correspond to positions
in Fig, 23a that show the level of flipper twist (c) CAD model showing split mould assembly with each of the three casting
stages. (d) Power consumption to hold the flipper at each degree of twist from -80°to +80°.
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5.6 Robot testing overview

All swim tests conducted measured power consumption, swim speed, thrust and lift
generation with the flapping frequency held constant at 0.23Hz based on freely swimming
wild green sea turtles 2684, A total of three different testing procedures were followed, firstly
constraining the robot, so it could not move. This gave insight into the turtle's propulsion
from a standstill and additionally served as a benchmark for dynamic swimming tests.

The second test allowed the robot to freely swim however, the robot had to overcome a
constant 2.5 N dynamic friction load within the system generated by the linear rail. This test
allowed the restricted swim speed to be gathered based on the robot overcoming the friction
loads and was used as a reference for calculating the possible swim speeds without friction.

Finally, the robot was towed up to speed before it could take over to propel itself. During tow
testing, the robot would be towed up to 0.6 m/s based on the cruising speeds of wild sea
turtles "®77*° until the robot began the downstroke, from where it would begin to accelerate
on its own (Fig. S12b). With testing results showing propulsion was only produced during
DS and SS, the loss in swim speed (without friction forces) during the remaining swim cycle
was derived from Newtonian physics by integrating the acceleration term with respect to time
and substituting in the hydrodynamic force with:

_ pAyca(v, — Avy)?At

A
v 2m

Where m is the mass of the robot, p the fluid density, A,, is the projected frontal area of the
robot and (c,) the robot drag coefficient. This calculation was iterated with a constant time
step (At), with the initial swim speed (v,) defined as the maximum velocity obtained during
the swim test with Av, = 0 for the first iteration. For the following iterations v, was
calculated as

UO = 170 - sz

This process was iterated to cover the time when no thrust was produced. The complete swim
speed cycle was created for a freely swimming sea turtle by compiling all the velocity data
from tow testing (Fig. S12b) with the loss in swim speed calculations. From this point, the
swim speed was differentiated with respect to time and compared back to the original thrust
values (Fig. S12a) to double check and verify that the swimming speed was possible based on
the measured thrust values. To remove the need for a complex control system and make force
data and power consumption easily obtainable, the robot was attached to a pylon comprised
of a NACA 0024 cross-section with a varying chord. The pylon was bolted to a 40kg load
cell for measuring lift forces and connected to a linear rail and cable track (Fig. 24a-b).
Overall, the robot and pylon assembly weighed 30 kilograms when the cavities within the
robot filled with water. Drag and constrained thrust forces were measured from the pully
assembly with a built-in 20kg load cell (Fig. 24c and Fig. S11a-c). Thrust forces during free
swimming were calculated based on the robot's acceleration (v), friction load (Fr) and
hydrodynamic drag force with:

A, c.(v)?
Fp = mp + PopE ”;() +F
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Where m is the mass of the robot, p the fluid density, A,, is the projected frontal area of the
robot, ¢, the robot drag coefficient, v the robot velocity and F; the linear guide system
friction. The robot's drag coefficient was found using both CFD with verification from tow
testing by subtracting the 2.5 N dynamic friction load within the system generated by the
linear rail assembly during simple tow tests. This process involved towing the robot through
the pool with the limbs held stationary (Fig. S12c-e and Fig. S15).

The linear rail assembly was bolted to an aluminium extrusion truss frame that saddled a
freshwater pool of dimensions 4m long, 2m wide, and 1m deep and gave a rigid foundation to
the overall system, and positioned the robot centrally in the pool as shown in Fig. 24 and Fig
S11d. The depth of the pool used was deemed as suitable as green sea turtles spend most of
their time in the shallow fringing reefs 8 as seen in Movie S4.
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Figure 24: Robot and test rig assembly. (a) Robot, pylon and load cell assembly. (b) Footage of robot swimming from
various view angles see Movie S4. (c) Complete CAD model of test rig assembly showing external truss framing to support
linear rail above the pool.
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5.7 Robot testing power and force

This section will continuously refer to Fig.25, where the various testing results of power
consumption, thrust, lift and swim speed are detailed. All power and force plots represent
constrained operation and testing with the pulley system to get the turtle up to its cruising
speed. The vertical green dashed lines represent the location in time for each of the turtle's
five swim stages as outlined in Fig. 22a.

Referring to Fig. 25a-b, the power consumption for both constrained and free swimming
(towed up to speed) can be observed. Our findings show that the power consumption during
RS1, US, and RS2 always lay below 20 watts, with the only significant energy consumption
occurring during DS and SS. Additionally, the unconstrained swimming robot demonstrated a
lower energy consumption, along with higher thrust values and lower lift values (Fig. 25a-f).
This finding was expected as the swimming pattern is extracted from freely swimming wild
green sea turtles, as demonstrated by van der Geest et al.2*. The noticeable decrease in thrust
and increase in the lift for the constrained robot is likely due to adverse pressure gradients
causing excessive flow separation, making the downstroke less efficient, with the sweep
stroke not being largely affected due to the relative velocity difference.

For free and constrained operation, no evidence of thrust production was detectible during the
upstroke (Fig. 25¢,d). However, a positive lift was generated for freely swimming, with a
negative lift generated during constrained operation. This finding supports the work of van
der Geest et al. %, where green sea turtles are shown to produce a drag-reducing upstroke that
utilises lift forces on the turtle's flippers to help bring the flippers up, potentially lowering
energy consumption. Additionally, a non-propulsive upstroke was also discovered by David
T. Booth* for green sea turtle hatchlings.

5.8 Robot testing swim speeds

Referring to Fig. 25g,h, the robot swim velocities are detailed for one complete wing
oscillation. The velocity data in Fig. 25h represents the exact swim velocity obtained by the
robot without any pulley assistance thus, the robot had to overcome the constant 2.5N friction
force within the linear rail assembly. A peak swim speed of 0.45 m/s was obtained, producing
an average swim speed of 0.361 m/s. As seen in Fig. 259 the swim speed for a freely
swimming turtle without any friction is displayed. A peak swim speed of 0.71 m/s was
obtained, with an average swim speed of 0.602 m/s, closely matching literature for freely
swimming sea turtles '678%, Based on the average swim speed, the Reynolds number was

calculated based on the straight carapace length (Dgc;) applying Re = %, to obtain
values of 220,000 and 367,000. Where v is the average swim speed p the fluid density and u
the fluids dynamic viscosity. At the same average swim speeds, the Strouhal number (St) of
0.24 and 0.4 was calculated by applying, St = DTf where D is the peak-to-peak distance of

wing oscillations f the flapping fequncy and v the average swim velocity. The values of St
found during testing lie in the region observed in other flying and swimming animals of 0.2
to 0.4 %101,
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Figure 25: Testing data and results. Green arrow showing the amount of time spent during RS1, purple arrow showing the
amount of time spent during the US, orange arrow showing the amount of time spent during RS2, blue arrow showing the
amount of time spent during the DS and magenta arrow showing the amount of time spent during SS. (a) Power consumption
against time with pulley assistance to bring robot up to speed (b) Power consumption against time for the constrained
operation. (c) Thrust generation for the freely swimming robot. (d) Recorded load cell thrust generation for constrained
operation. The plot includes a 2.5N vertical offset to account for the constant dynamic friction load. (e) Recorded load cell
data plotted against time for the lift force with pulley assistance. (f) Recorded load cell data plotted against time for
constrained operation. (g) Predicted swim speed for the robot without any friction from the test rig assembly. (h) Swim
speed data for the robot without pully assistance, meaning the robot had to overcome a constant 2.5N system friction load
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5.9 Discussion and Conclusion

In this work, we disclose a new soft robotic sea turtle that can closely bio-mimic the natural
sea turtle's general swimming locomotor patterns as described by van der Geest et al.®.
Developing the robot meant overcoming two significant obstacles. Firstly, designing the
mechanical system to accomplish the locomotor pattern, and secondly, keeping the natural
sea turtle form. The essential contribution to achieving this was our new soft twisting flipper
that can replicate the natural animal's morphing ability while still being capable of supporting
large flexural loads. To the best of our knowledge, this makes our robot the first attempt at
producing a robotic sea turtle that can produce the general swimming patterns of a wild
animal.

This work's primary purpose was to outline the design of the biomimetic robot to help better
understand the sea turtle's propulsion mechanism. Gaining this understanding through
conventional animal testing would have been highly challenging in our current paradigm of
ethical approvals, especially when endangered animals are concerned. However, although we
reverse engineer the sea turtle to take a robotic form, we demonstrate that the robot can swim
at 0.6 m/s with a flapping frequency of 0.23Hz. This alone is a notable finding as previous
studies on wild green sea turtles demonstrate that a swim speed of 0.6 m/s is obtained at a
flapping frequency of around 0.23Hz 28. Additionally, in our own research expedition in
Australia's Great Barrier Reef 8, we also found that green sea turtles produced an average
limb beat cycle of 0.234Hz, and it is understood that the average swim speed of sea turtles is
0.6 m/s "®77%5 We use these findings of flapping frequency and swim speed as a form of
validation for the suitability of our robot as a tool for understanding sea turtle propulsion
methods. Additionally, at this flapping frequency and swim speed, a Strouhal number of 0.24
is obtained, which directly lies in the region observed in other swimming and flying animals
and is understood to contribute to their efficient mode of transport %101,

Our robot also demonstrated that during the animal's regular swimming routine, propulsion is
only generated for 30% of the overall cycle, with the animal entering an energy-saving glide
during the remaining 70%. This is made evident when observing the power and thrust curves,
as seen in Fig. 25, with the only substantial power consumption occurring during the DS and
SS, along with the thrust forces only being registered during the same period in time. During
the upstroke, a positive lift force was generated, suggesting sea turtles take advantage of their
flippers' hydrodynamic loading to help bring them up to the top of the stroke. This may
support the findings of van der Geest et al. *® that sea turtles produce a passive drag-reducing
upstroke for conserving energy by allowing the flippers to enter a near-equilibrium state that
prevents cross flows due to pressure differentials®.

Some caveats require discussion with our findings due to the simplification of various
systems, equipment and methodology. Firstly having the robot constrained in the vertical axis
so lift forces could be obtained prevents the turtle from pitching up and down due to the
vertical forces during swimming. The removal of the pitching motion could cause the robot to
swim slightly quicker due to the body keeping a constant angle of attack to the oncoming
flow. Additionally, all tests were performed and calculations made with freshwater, not
typical seawater that the animal would swim in. Though both these simplifications likely
affect the swim speed, they were both essential for the success of the experiments as the lift
forces would have been difficult to obtain without the vertical constraint, and the amount of
salt required to create the correct saltwater density was extreme at approximately 200kg.
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Additionally, constraining the robot meant advanced control systems were not needed, thus
allowing for a more detailed analysis of what forces are generated during the regular
swimming routine. Another talking point to simplifications can be observed in the pool size.
As discussed earlier in the manuscript, the depth of the pool is deemed appropriate as sea
turtles spend most of their time in the fringing reefs 8, often only 1m in depth. However, the
pool length of only 4 meters which resulted in limited flipper oscillations before the robot ran
out of runway. This issue could be remedied in future work with the robot swimming
autonomously in a large pool or even in an ocean environment.

Obviously, this work primarily takes geometric and kinematic data from video footage®*%
rather than conventional methods that typically use a live or dead specimen. This method of
data collection could potentially lead to discrepancies geometrically and kinematically.
However, it must also be noted that all sea turtles vary in shape, size, mass, and flipper
motion, so although video footage and photos are used when comparing the motion of our
robot with natural sea turtles, there is a minimal argument that can be made regarding its
ability to mimic its biological counterpart.

Also worth noting is that the turtle geometry used in this study is based on our previous
work®, where we detail the development of a turtle geometry that we compare with
biological data, including the drag coefficient of the carapace (without flippers)®®, frontal area
(including flippers), mass (including flippers), and SCL3* to achieve valuable correlations and
give confidence in our turtle geometry.

By removing features such as leading-edge claws and trailing-edge serrations of our turtle
model could lead to hydrodynamic discrepancies from our model to its biological
counterpart. However, this was, unfortunately, a necessary detail to achieve the extremely
tight budget and immensely helped simplify the manufacturing process by reducing the need
for complex machining of the split mould assembly, as seen in Fig.S9.

Though several caveats are evident in our work, we believe we have created what is the best
understanding of the sea turtle's propulsive routine during its regular swimming pattern.
Additionally, we have accomplished this without any animal testing by designing what we
believe is the world's first and only robotic sea turtle that was solely developed to help
understand the sea turtle's propulsion methods. We hope this work will help inspire others to
develop robots as a substitute for their biological counterpart.

In future work, we plan to use this robot to identify what unique flow features, including wall
effects, are responsible for the thrust generation during the DS and SS, along with how this
could be optimised and developed for the next generation of robotic ocean exploration
devices.
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5.10 Materials and methods

5.11 Design and fabrication of Sea turtle chassis

The foundation of the robot design is based on works by van der Geest et al. %, applying
both the swimming locomotor patterns 84 and the green sea turtle CAD model % to help set
the design foundation. VVan der Geest et al. describe the turtle's locomotor patterns of the
flipper tip, flipper elbow and flipper twist using a Fourier series as:

n
x(t) = sp(a, + Z Ay cOS(Iwyt) + by, sin(iw,t))
i=1

n
y(t) = sf(a, + z aiy cos(iwyt) + by sin(iwyt))
i=1

n
z(t) = s¢(a, + z a;, cos(iw,t) + b, sin(iw,t))
i=1

n
Z Agsi Sin(bgsit + Casi) t1=t<t
— Jn=i
o0 =1 Ouy Ly <t <ty
n
Z Aysi SiN(bysit + Cusi) 3 <t<t,
n=i

Where the position of the flipper tip and elbow can be expressed with x(t), y(t) and z(t) and
flipper twist expressed with 6(t). The variable s¢ is used to scale the equations to suit any
sized turtle based on a reference straight carapace length of 610mm &,

The green sea turtle CAD model from van der Geest et al. was inserted into a CAD
(SolidWorks, Waltham, Massachusetts, USA) assembly along with the three-dimensional
data points of the locomotor pattern. This was achieved by solving the equations within CAD
using the "Equation Driven Curve" function to create a part consisting of only three-
dimensional data points representing the turtle's locomotor pattern. Having the turtle CAD
model and locomotor patterns within a CAD assembly allowed for an iterative design
approach to then take place for developing the robotic limb. Once the final design was
complete (Fig. S7a), a virtual clone within CAD (Movie S1) could be used to verify the
locomotor patterns.

The robot's chassis was additively manufactured from PLA+ (Esun, Shenzhen, China)
filament printed on an FDM 3D printer (Caribou MK3s, Remagen, Germany). As shown in
Fig. S7b-f the chassis was manufactured in twelve sections (Fig.S7b), with each part sliced
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(Simplify3D version 4.1, Cincinnati, Ohio, USA) with a 0.4mm nozzle at 0.2mm layer
heights, 12 top and bottom layers, 6 walls, and 40% honeycomb infill. The chassis was then
bonded together with methylene chloride before receiving an automotive quality paint job
(Fig. S7c,d). All surface fasteners were recessed or countersunk to help lower parasitic drag.
Three access hatch locations were placed under the chassis to access roll motors and
electrical connections (Fig. S7e). The elbow and shoulder joints were also additively
manufactured however were left as printed without paint (Fig. S7f).

5.12 Design, fabrication, FEA setup and testing of soft robotic flipper

As seen in Fig. S8, the design process to achieve the soft robotic flipper took an iterative
design approach using commercial FEA software (ANSYS 2021 R2, Pennsylvania, USA).
Simulations were set up to test various material layups and properties to inspect their effect
on twisting motion. The first design iteration began with designing a layup that could
potentially work using our mechanical design intuition coupled with the solid mechanic's
principle of torsion previously mentioned in the main manuscript. From this point, the FEA
results could be reviewed to see what potential layup could be applied to improve the results.
This process was followed until the desired twist profile was achieved. Simulation boundary
conditions consisted of a fixed support at the wing root with bonded sections between each
material layup. To create the twisting motion, a frictionless contact was applied to the spar
and flipper interface, with a remote angular displacement applied to the carbon fibre spar.
Material properties were simplified by estimating the Young's modulus based on the shore A
hardness using:

logioE = 0.02355, — 0.6403

Where E is the elastic modulus in MPa and S, the shore A hardness. The carbon fibre spar
had mechanical properties of ultimate bending stress (¢ = 822MPa) and Young's modulus of
(E = 85GPa). Mechanical properties were found through 3-point bending tests (H10KS
Universal testing machine, Tinius Olsen Ltd, Surrey, England).

The final design used a solid 5mm diameter carbon fibre spar that was lubricated just before
the casting process to ensure smooth rotation between the flipper and spar interface. The
flipper tip and spar were assembled into the mould assembly before casting, as seen in Fig.
S3a. Each cast section was from shore A hardness polyurethane rubber (F140, F160, F170
Barnes, Moorebank, NSW, Australia). The 40 shore A section was approximately 42mm long
at the flipper root, with a 60 shore A section of 121mm and finally the 70 shore A section of
71mm (Fig. S9b). Each section was directly cast one after the other to create a single casting
with excellent bond strength between each material (Fig. S9c).

Fatigue testing was performed with a custom-manufactured water tank made from 18mm
thick clear acrylic that would actuate the flipper through an Arduino Nano controlled
(Arduino.cc, Somerville, MA, USA) servo motor (Fig. S10). The system was designed to
pause the actuation if a drop or rise in current over the regular operation was detected, then
save the cycle count to an SD card.

The flipper bending test was performed with a custom-manufactured holding jig, as shown in
Movie S3 that was installed into a universal testing machine (H10KS, Tinius Olsen Ltd,
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Surrey, England). The test was performed at Imm/min until max permissible deflection was
achieved due to design constraints.

5.13 Force and swim speed measurements

Swim speeds were found by measuring the time taken for the robot to pass markers of width
17.5mm spaced apart a distance of 30mm along the linear rail assembly (Fig. S11a). Time
measurements to pass the markers were obtained by filming the robot with a camera (GoPro
Hero 10, GoPro, San Mateo, California, USA) at 240 frames per second and 2K resolution.
The camera was towed along with the robot down a separate linear rail that ran parallel to the
robot's swim direction (Fig. S11a and Fig. S12b).

For constrained operation, thrust forces were obtained by installing an additional pulley, as
seen in Fig. S11b, to allow the robot to swim against the pully load cell (Fig. S11b,c). As this
setup only allowed load cell thrust measurements to be obtained while constrained, thrust for
swimming operation was obtained based on the robot's acceleration, drag force and friction
within the linear rail assembly as described in the main manuscript. The friction forces
caused by the linear rail assembly were obtained by operating the equipment without the
robot. The dynamic friction load within the system was 2.5N (Fig. S12c-d) regardless of
operating speed between 0.3 to 0.6 m/s.

5.14 Electrical system robot

The simplified schematic in Fig. S13 shows the electronic system used for the control of the
turtle flippers. This required a suitable power supply for the six Savox SW1210SG servos,
(SAVOX, Taichung City, Taiwan) a microcontroller (MCU) (Particle Industries Inc, San
Francisco, USA) with enough timer resources to produce the PWM signals for the control of
the six servos, and to generate the real time interrupts (RTI) to update the servo set positions
so the flipper can follow the desired trajectory accurately. The hardware also needed to take
external input to control the actions of the system for the various tasks such as
starting/stopping the turtle swimming or changing the flapping frequency.

The Particle Photon MCU was chosen as it had sufficient timer resources capable of 7
independent PWM signals and a built-in WIFI module to facilitate wireless control and over-
the-air (OTA) firmware updates. The main power supply was a variable 15A DC supply set
to the servos recommended operating voltage of 7.4V. This power supply was external from
the gantry allowing the operator of the robot to disable the supply in the event an unexpected
system failure occurred. Two more on/off switches were used to separate the MCU and
servos power supply control, allowing for the MCU firmware to be updated and tested
without the servos operating. A buck converter was used to step down the main 7.4V supply
to the 5V required by the MCU. Brownout protection was implemented to prevent voltage
drop in the main power lines due to possible large changes in the servos required torque
moving between set positions.
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5.15 Software

The firmware for the controller was written in C++ using Particles Web IDE. The software
was split into two parts: one the control of the servos for the flapping motion and moving
between desired poses and two the wireless operator controls. For the control of the servos a
RTI and a look-up table (LUT) containing the set positions for each step in the flapping
pattern are used to control the flippers. Using equations 1-3 the LUT is generated for a 50ms
interval across the 4.3s period of the motion, resulting in 86 steps. The 50ms time interval can
be varied by the operator to alter the robot's flapping frequency. The firmware uses the
angular set positions in the LUT to calculate the required duty cycle on period of the PWM
signal 800-2200us for +/-80 degrees range of motion. To ensure the flipper will closely
follow the desired trajectory and smooth motion, each step in the pattern is interpolated

between taking 3 sub steps to move between steps. This means the RTI used to update the

s . . T .
servo set positions will occur at the rate described by Tipterrupe = S:’"’ where T, is the

period of one step, Tinterrupe IS the RTI period and n is the number of interpolation steps.

For moving the robot's flippers between desired poses such as the zero position or start
position of the swimming pattern, interpolation is again used. The current set position of the
flippers is always stored to ensure it can be used as the starting point of the interpolation to
the new pose when a command to move is received, this prevents the servos from jumping
between positions. The number of steps between the two set positions and the time interval
between the interpolation steps can be specified in the firmware to allow smooth control of
the flippers. To prevent collisions between the flippers and the body, a set of pre-planned
poses are used with the flipper's zero position always used as the first position because from
any position, the flippers can reach the zero position without the possibility of collision.

The operator control of the system is facilitated by a standard state machine approach, using
states such as swimming, stopped, reset, move to zero position, move to low drag position
etc. The states are selected by the operator using a web-based GUI application written in
HTML that communicates to the Photon MCU over WIFI using the Particle API functions.

5.16 Electrical system Testing rig

The testing rig electrical system (Fig. S14a) is composed of a graphical user interface (GUI)
programmed on LabView (National Instruments, Austin, Texas, USA), two electric systems
(one to control the motor and another for the data acquisition of the load cells), the pulley
system and the load cell assemblies (lift and drag).

The GUI (Fig. S14c) was able to turn on and off the motor of the pulley system in a
synchronous way with the load cell data acquisition system using serial communication
between the computer and the microcontrollers. Furthermore, when the program starts, it
records the data from the load cells into a txt file. The information on the txt file contains the
data of the reading sample, the information coming from both load cells. When the system
stops, it saves the file into a selected folder.

The motor control system (Fig. S14b) consisted of an electric circuit containing an A4988
stepper motor driver (Allegro Microsystems, Manchester, New Hampshire, USA), a
microcontroller Arduino NANO and a variable DC power supply skyRC efuel 540w (SkyRC
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Technology, Guanlan, Shenzhen, China). The Arduino controlled the angular speed of the
motor in revolutions per minute (RPM) using the A4988 driver with a micro step of a 1/4 step
to ensure smooth motor steps during the low initial speeds. Furthermore, to avoid high
acceleration loads, linear velocity was defined as: v = 0.2t. Where "v" is linear velocity and
"t" is time. Moreover, a pulley (r = 0.0225 m) attached to a stepper motor, "NEMA 17", was
used to transform the angular speed to a linear speed. Then the linear speed could be

2 RPM
calculated as: v = %

Finally, the data acquisition system (Fig. S14b) consisted of a second Arduino NANO
connected to two SparkFun load cell amplifiers, HX711 (SparkFun Electronics, Niwot,
Colorado, USA). The HX711 were connected to two load cell assemblies, one for the lift and
one for the drag. To record the lift, a 20 kg load cell (YZC-1B, XIN NUO QI, China) was
used, while a load cell of 40 kg (YZC-1, XIN NUO QI, China) was used for the drag force.
The sampling frequency of the system was 40 Hz.

5.17 CFD Analysis and Turtle Geometry

In our previous work®®, we detail the development of a turtle geometry that we compare with
biological data, including the drag coefficient of the carapace (without flippers)®®, frontal area
(including flippers), mass (including flippers), and SCL** to achieve valuable correlations and
give confidence in our turtle geometry. This geometry was used to develop our robotic sea
turtle as described in the main manuscript. We use CFD as a tool to help evaluate the drag
coefficient against the original more organic geometry to act as a form of validation. We
found our robot produced a drag coefficient of 0.16 when the flippers/wings were held
stationary, as per Fig. S15, aligning well with the values obtained in our previous work of
0.16, also obtained from CFD with the results available in the supplementary folder of that
work®. This gave us confidence that the robot's geometry was as close as physically possible
to the original geometry, given the challenging nature of creating the limbs as previously
described. The simulation was set up to solve with the kw SST model using commercial CFD
software ANSYS Fluent (ANSYS 2021 R2, Pennsylvania, USA) with all model parameters
left in their default settings. The Fluent polyhex core mesh was used, consisting of
81,001,792 nodes and 38,886,857 elements. The mesh was refined down toa y* of 0.75 to
accurately solve the flow down to the viscous sublayer. The computational domain was
modelled as per the swimming pool used and halved at the symmetry plane with the
symmetry plane boundary condition applied. The pool surface of the computational domain
was set as a free slip wall, with the pool walls and floor set as zero slip moving walls at the
inlet velocity of 0.6 m/s. The turtle geometry was set as a smooth no-slip wall condition.
Convergence reports were set up to study the standard deviation of the velocity magnitude at
the outlet, the area-weighted average of the wall y™, the lift, drag and scaled residuals.
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Chapter 6: New insights into sea turtle propulsion and their cost of
transport point to a potential new generation of high-efficient

underwater drones for ocean exploration
6.0 Preface

The enduring mystery surrounding the Green sea turtle's (Chelonia mydas) ability to traverse
up to 50 km daily, relying solely on a diet of seagrass and microalgae, has captivated the
scientific community. One cannot help but wonder: How can this animal journey such vast
distance, given the seemingly limited energy derived from its diet? Chapter 5 endeavoured to
decode this question by focusing on the turtle's swimming technique, power consumption,
and propulsion without treading the minefield of ethical and logistical challenges using
robotics.

The findings illustrated that propulsion derived from the sea turtle's limbs was active for just
30% of its cycle, with the remaining 70% devoted to a power-conserving, low-drag glide.
This impressive biomechanical strategy ensures the turtle sustains steady speeds while
optimising energy use.

Transitioning to chapter 6, our understanding deepens further. Even though the 30:70
propulsion-to-gliding ratio was already established, a pertinent question arose: How does the
sea turtle modulate the aquatic flow during its propulsive phase? Enter "Cornelia," our
robotic sea turtle from the prior chaptor. For the next chapter, with the help of Cornelia's
advanced mechanics, a profound exploration of turtle propulsion’s hydrodynamics and cost of
transport will be produced.

6.1 Abstract

Sea turtles gracefully navigate their marine environments by flapping their pectoral flippers
in an elegant routine to produce the required hydrodynamic forces required for locomotion.
The propulsion of sea turtles has been shown to occur for approximately 30% of the limb
beat, with the remaining 70% employing a drag-reducing glide. However, what is unknown is
how the sea turtle manipulates the flow during the propulsive stage. Answering this research
question is a complicated process, especially when conducting laboratory tests on endangered
animals, and the animal may not even swim with its regular routine while in a captive state.
In this work, we take advantage of our robotic sea turtle, internally known as Cornelia, to
give the first insights into the flow features during the sea turtle's propulsion cycle consisting
of the downstroke and sweep stroke. Comparing the flow features to the animal's swim speed,
flipper angle of attack, power consumption, thrust and lift production, we hypothesise how
each of the flow features influences the animal's propulsive efforts and cost of transport
(COT). Our findings show that the sea turtle can produce extremely low COT values that
point to the effectiveness of the sea turtle propulsive technique. Based on our findings, we
extract valuable data that can potentially lead to turtle-inspired elements for high-efficiency
underwater drones for long-term/duration underwater missions.

79



6.2 Introduction

Sea turtles navigate their marine environments by gracefully flapping their pectoral
wings/flippers to produce a visually enchanting locomotive pattern. This flapping motion
allows the sea turtle to migrate thousands of kilometres to reach favourable breeding or
feeding grounds 416102103 The flapping motion has typically been described as asymmetric,
with the downstroke approximately twice as fast as the upstroke®841% In recent work by van
der Geest et al.®*, the flapping motion is described three-dimensionally for the Green sea
turtle (Chelonia mydas), including the soft twisting of the flipper. They describe the flipper
motion by breaking it up into five segments consisting of the Downstroke (DS), Sweep stroke
(SS), Recovery stroke one (RS1), Upstroke (US) and finally, Recover stroke two (RS2) (Fig.
26). It is understood that during the Green turtle's general flapping routine, the upstroke does
not generate any thrust*#+%51%4 however, during this time, the animal's drag coefficient is
lowered to help reduce swim speed losses®. To quantify how the drag is reduced during the
upstroke, van der Geest et al.® conducted dedicated work to uncover the flow features
generated by the flipper during this period. Through dye visualisation of a scale turtle model
in a towing tank, they found the flipper would enter a near-equilibrium state that produced
near-constant pressure across the entire flipper surface % (Movie S1 available at
https://www.mdpi.com/2077-1312/11/10/1944 ). The constant pressure across the surface of
the flipper then cancelled out any flow mixing due to pressure differences, including the wing
tip vortex. However though this work is insightful, it does not cover what flow features occur
during the sea turtles (Chelonia mydas) propulsive cycle consisting of the downstroke and
sweep stroke. The propulsion cycle in sea turtles has been previously described as only
occurring during the downstroke period, with peak thrust occurring at the end of the
downstroke 4194, with the most recent works taking very different approaches to uncover the
propulsive cycle. David T. Booth* found the propulsive cycle by studying green turtle
hatchlings in a flume, while van der Geest et al.*%* developed a full-scale robotic sea turtle
based on the green turtle that could reproduce the natural animals swimming patterns.
Though both these works gave comparable insights into thrust production and/or energy
consumption, they did not detail what flow features and fluid mechanical mechanisms were
responsible for the propulsion. David T. Booth # hypothesised the downstroke likely produces
both lift-based and drag-based propulsion depending on the flippers angle of attack however,
what does lift-based or drag-based propulsion in sea turtles look like? And is this hypothesis
accurate? To the best of our knowledge, no research details the flow features and fluid
mechanical interactions sea turtles utilise during their downstroke using genuine sea turtle
kinematics. However, work has been produced that analyses simplified 2-dimensional turtle-
inspired flow features 7*8, Though these 2-dimensional examples may give insight, they fail
to reproduce 3-dimensional effects such as spanwise flow and Coriolis effects that have been
shown as essential factors in biological flapping wings?.+1%.

For the last 20 years, it has been well understood that the flow feature responsible for high-
performance force production in biological flapping wings is the leading edge vortex
(LEV)**3, The LEV has been shown to occur across all categories of animal species*?™®,
with insect flight first believed to be a paradox before its discovery*?. However, although the
LEV has been heavily studied in flapping wings to the best of our knowledge, no research
exists for LEV generation during the downstroke in sea turtles that apply genuine and
accurate sea turtle kinematics.
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Recent studies into the propulsion methods of sea lions demonstrate that the sea lion's
flippers create additional thrust by applying a clapping motion®*%, The clapping motion
entrains fluid momentum on the low-pressure side of the flipper (dorsal side) that later
develops into complex vortex shedding to increase thrust®. It is now understood that sea
turtles also create a clapping motion referred to as the sweep stroke (Fig 26). However, the
fluid interaction during the sea turtle's sweep stroke is entirely unknown.

Obtaining the flow features of sea turtles first requires solving two significant complications.
Firstly, obtaining animal ethical approval to conduct the test on endangered species, and
secondly, the animal may not even swim with its regular swim pattern while in a captive
state®*91%4 To overcome such hurdles, we take advantage of our robotic sea turtle
(Cornelia). Cornelia is the world's first and only robotic sea turtle that accurately produces the
sea turtle's natural form and function, as detailed in our previous work'%4, This makes
Cornelia an invaluable tool for studying the fluid-structure interactions of turtles without the
need to trouble the actual animal.

In this work, with the help of Cornelia, we break down each of the observed flow features of
the turtle's flippers during the propulsive cycle (Fig 27). To the best of our knowledge, this is
the first study to show insight into the flow features of the sea turtle during the animal's
propulsive cycle. We compare the observed flow features against the turtle's thrust and lift
forces, Flipper angle of attack (AoA), Flipper velocity and power consumption to give insight
into how each feature influences the animal's propulsion effort and cost of transport (COT).
We compared the COT obtained by Cornelia against the current state-of-the-art swimming
robotics 5>197-114 ‘and we found Cornelia to produce extremely low values for the COT,
pointing to the effectiveness of the sea turtle propulsive strategy.

Based on our findings, we hypothesise what practical aspects of the turtle's locomotive
pattern could be developed and optimised to enhance the next generation of underwater
drones and robotic technologies.

Legend
®DS @SS @RS1e US @ RS2

Figure 26: The wild sea turtle (Chelonia mydas) flipper pattern during the animal's regular swimming routine obtained from
van der Geest et al.®.
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Legend
® DS @SS

Figure 27: The robotic sea turtle (Cornelia) illustrating the propulsive cycle consisting of the downstroke and sweep stroke
104

6.3 Methods

6.4 Methods overview

All tests were performed using our ad-hoc testing rig, internally known as the "turtle dyno",
as shown in Fig. 28. Testing involved towing the robot quickly up to speed before the robot
would take over to propel itself. The turtle dyno could record lift, drag, thrust, swim velocity
and power consumption simultaneously during each test. The design and specification for the
turtle dyno, along with a detailed analysis of the force production during the regular
swimming routine, can be found in our previous work 14, so we will not cover this in detail
here.

Due to its cost-effectiveness and ease of application, individual flow features were observed
using dye visualisation with our in-house developed dye application tools. CFD was
additionally used to help complement the field tests and provide a deeper comprehension of
the flow field characteristics.
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Load cell
assembly

Figure 28: Turtle dyno. (a) Complete dyno assembly showing camera lighting arrangement. (b) Close-up of robot attached
to load cell and linear rail assembly.

6.5 CFD calculations

In parallel with laboratory experiments, commercial CFD tools were used to help better
comprehend the flow features observed during physical testing with ANSY'S Fluent (ANSYS
2021 R2, Canonsburg, PA, U.S.A.). Simulations only involved studying the flow around the
rear flippers and during the sea turtles downstroke. The sweep stroke was not simulated due
to its complex motion coupled with the complex wing morphing during this part of the
locomotive pattern, thus creating high computational expense that was not available for this
study. Additionally, it must be noted that the CFD simulations from this study are not to
produce highly accurate results but to help complement the results from our laboratory
experiments.

Two separate simulations were set up with the kw SST model used to study how the flow
from the turtle's carapace travels downstream to meet the rear flippers, and the realizable ke
model was used for simulating the downstroke due to its lower computational expense. The
kw model had the mesh refined down to a y* of 0.75, with the ke model using a y* of 13.15
with the addition of scalable wall functions. As the turtle's downstroke applies a relatively
constant wing twist® and a simple rotation motion, the simulation was simplified into two
separate domains: a rotating domain with the flipper using a rigid body and a sliding mesh
interface paired with a static domain (Fig. S16a). The rotational domain angular velocity and
velocity inlet values were established based on the values achieved by sea turtles during the
downstroke period. The computational domain that used with the kw model can be seen in
Fig.S16b, with a body of influence for mesh refinement added around the turtle body and
further downstream to capture the wake produced by the turtles body. A symmetry boundary
condition was used to substantially lower computational expense with a constant velocity
inlet defined based on the turtle's average swimming velocity.
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6.6 Dye visualisation

To visualise the individual flow features during the regular swimming routines, we operated
our in-house developed dye visualisation tools (Fig. 29). The tools have been successfully
used in our previous studies®®, however, the streamline tool, as seen in Fig. 29a was further
developed for this study in introduce up to 3 dye streamlines. The central pylon section of the
tool uses a NACA 0010 cross-section with each of the three stacked bodies using a 360°
revolution of the NACA 0010 cross-section. The tool ran on a linear rail parallel to the turtle
swim path and could have the dye accurately injected when required. To ensure the tool did
not generate a significant disturbance in its wake, tests were performed to inject a cloud of
dye into its path and record the disturbance in the wake (Fig. 29c and Movie s3 available at
https://www.mdpi.com/2077-1312/11/10/1944). Our testing suggested that the tool created
insignificant disturbance compared to the disturbance an animal in the wild would likely
encounter, so we deemed the tool satisfactory for use. Flow features were recorded using
high-speed underwater photography (Chronos 2.1HD 32GB, Kron Technologies Inc,
Burnaby, BC, Canada) at full HD 1000 FPS and an action camera (GoPro Hero 10, GoPro,
San Mateo, California, USA) at full HD 240 FPS. The Chronos cameras were installed into
waterproof housings (Salty surf housings, North Wollongong, NSW, Australia) and equipped
with a Sigma 18-35mm lens (Sigma Corporation, Kawasaki, Kanagawa, Japan).

Dye streamline

Streamline tool

Dye Cloud
injection
via cloud
tool

Low
disturbance
in the wake
of tool

Figure 29: Dye visualisation tools. (a) Streamline tool in use. (b) Cloud tool in use. (c) Streamline tool wake disturbance
testing.
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6.7 Results and discussion

6.8 Results overview

As observed in Fig.30, all test results for thrust, lift, AoA, power, swim speed, and flipper tip
velocity are detailed for the sea turtles DS and SS, with the corresponding flow features
observed at each time interval detailed in Fig. 30g. All tests were performed with the flapping
frequency remaining constant at 0.23Hz based on the average flapping observed in wild green
sea turtles?8:84104,

Testing was conducted by applying the sea turtle's regular swimming routine at a Reynolds
number of 367,000, defined as:

uD
Re — SCL

v

Re was based on the average swim velocity (u) and straight carapace length (Ds.;). As the
Reynolds number is established simply on steady, time-independent conditions®®, the
Periodic Swimming Number (P) is also considerd in this study defined as:

10u

Jarnfv

Where f is the flapping frequency and v the kinematics viscosity. The Periodic Swimming
Number (P) was first introduced by Gurka et al. 1*° as an adaptation of the Reynolds number
to eliminate the need to choose a characteristic length scale and incorporate the animal's
periodic motion. Applying this, we found that the sea turtle swims at a value of 3537. This
puts sea turtles approximately in the same range of P as Macaroni and Adelie penguins
(3729-3882), along with Harp and Ringed seals (3330-3569)*'°. Additionally, The Strouhal
number (St) was calculated to be 0.24 and defined as:

_ Dypf
u

P =

St

Were D,,, is the sea turtle's flipper tip's peak-to-peak distance during its regular routine. This

value of the Strouhal number puts sea turtles into a range observed in nature of 0.2 to 0.4, as
found in other swimming and flying animals that are tuned for high power efficiency 9-1%,

6.9 Flipper Angle of Attack (AocA)

To help understand the flow feature contribution based on the relative flow around the turtle
flippers during the downstroke and sweep stroke, the AoA of the turtle's flipper was defined
as:

HAOA = 619 i Hf
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Where 6, is the spanwise twisting of the turtle's flipper given as a linear piecewise function
with respect to time as:

[ apt 0<t<ty
Apy, 1 St<t,
Apst + bys, t; St <t
Apat + bpy, t3 St <ty
Aps, ty <t <ts
\apst + bpe, ts <t <tg

Where a,,, and b, are the function constants. The relative flow direction 6 on the turtle's
flipper was added or subtracted depending on what stage of motion the flipper was in
(upstroke or downstroke) to provide a positive AoA for the relative flow acting on the ventral
side of the flipper and negative AoA acting at the dorsal side (Fig. S17). 8y was calculated

with:

0r = arctan -
Vs +x

Where V; represents the swimming speed of the turtle, while x , y and z signify the velocity

components at any given point on the turtle's flipper. These velocity components are obtained

by taking the time derivative of the flipper position function, which was formulated using a

Fourier series with:

n
x =V (Z — W@y SIN(iwyt) + iwye by, cos(iwyt) >

i=1

n
y =V <Z —iw,a;y sin(iwyt) + iwy,b;y cos(iwyt) >

i=1

n
z =V <Z — iw,a;, sin(iw,t) + iw,b;, cos(iw,t) )

i=1

Where n was set to 8 terms, a; and b; are the Fourier coefficients and w the fundamental
frequency. The velocity modifier (V) to correct the velocity for any point along the span of

the turtle's flipper was represented with: V; = % , With x, representing any point along the

flipper span (s). As the twisting of the flipper is a linear relationship %, the exact amount of
wing twist at any point along the flipper span (s) was caluculated with: 6(x) = % shown

N

in Fig 30c the average AOA is plotted by calculating each value at various points along the
flipper span.
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6.10 Downstroke

During the initial stages of the DS, there was no reliable evidence of any substantial vortex
formation on the turtle's flippers with relatively smooth flow conditions during this phase in
time. This is predominately due to the low AoA during the early DS and low flipper tip
velocity, resulting in low thrust, lift and power consumption. At approximately the 2.8-
second mark, clear evidence of a LEV forming along the turtle's wing can be seen along with
substantial spanwise flow from the wing root to the wing tip (Fig 31 and Movie S4 available
at https://www.mdpi.com/2077-1312/11/10/1944). As the downstroke progresses, the wing
tip velocity increases to reach a maximum at the end of the downstroke, where the LEV is at
its most forceful stage, with thrust and lift reaching their maximum values (Movie S5
available at https://www.mdpi.com/2077-1312/11/10/1944). This finding differs from past
research hypotheses that depict the large force production at the end of the sea turtles
downstroke as being drag-based due to high AoA*. Additionally, in Fig 30c, 30f, the wings
AO0A begins to bleed off before the flipper reaches its maximum velocity and force
production, revealing that high force production is more accurately associated with higher
wing velocities and more aggressive LEV formation. Additionally, as the LEV delays wing
stall**4%116 py forcing the flow to reattach to the low-pressure/dorsal side (Fig. 31a-d and
Movie S4), this suggests the entire downstroke is completely lift-based propulsion during the
sea turtle's regular swimming routine.
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Figure 30: Swimming performance of Cornelia for the Green sea turtle's regular swimming routine. (a) Thrust production
during the downstroke and sweep stroke obtained from van der Geest et al 1%, (b) Lift production during the downstroke and
sweep stroke obtained from van der Geest et al 1%, (c) The average Angle of Attack across wingspan. See Fig S18 for exact
AOA values across the flipper span (d) Power consumption during the downstroke and sweep stroke obtained from van der
Geest et al 1%, (e) Turtle swim speed during the Downstroke and Sweep stroke obtained from van der Geest et al 1%, (f) The
flipper tip velocity magnitude during the Downstroke and Sweep stroke. (g) The timing of the observed flow features during
the also see Movies S4-S7 available at https://www.mdpi.com/2077-1312/11/10/1944.
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Figure 31: Downstroke flow features. (a) Velocity plots from various cross-sections along the turtle's wingspan from CFD.
(b) Plan view of the turtle wing showing cross-section locations and velocity streamlines obtained from CFD. (c) Dye
visualisation testing shows flow reattachment towards the wing trailing edge and the spanwise flow demonstrated by dye
being transported towards the wing tip. (d) Vector plot from CFD showing flow reattachment.

6.11 Sweep stroke

The sweep stroke begins approximately 3.4 to 3.5 seconds into the turtles flapping routine,
with the LEV remaining attached during the sweep strokes duration. During the entire sweep
stroke, the AoA, flipper velocity, power consumption, thrust and lift begin to lower, with the
turtle reaching a maximum swim speed approximately 50% into the sweep stroke stage. At
roughly the 3.6 to 3.7-second mark, a vortex forms that is almost immediately shed into the
turtle's wake (Fig. 30g and Movie S6). We name this vortex the sweep stroke vortex (SSV),
and in contrast to the LEV, the SSV rotates in the opposite direction and is produced by the
wing's ventral side (high-pressure side).

Near the end of the sweep stroke, the flippers are brought parallel beneath the carapace to
create a clapping motion similar to the sealion®1%, At this point, the LEV is shed from the
wing's dorsal side into the wake to follow behind the SSV (Fig 30g and Movie S7). Just
before the LEV is shed into the wake, it entrains fluid momentum on the dorsal side of the
flipper (Movie S7), similar to the sea lion®°. In sea lions, this helps contribute to downstream
momentum when the vortex structure is shed to add additional thrust®. Based on our
observed flow features, this downstream momentum can also be assumed to happen with sea
turtles, additionally, as the thrust curve towards the end of the stroke bleeds off rather than
simply dropping off like the lift forces (Fig.30a-b). At this point, the sea turtle enters a glide
that lasts for 70% of the overall limb beat cycle®>'%. During the glide, the sea turtle shapes its
flippers to generate a passive upstroke to recover its flippers into a position ready for the
downstroke to help with energy expenditure®1%,
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6.12 Rear flippers

During the turtle's regular swimming routine van der Geest et al. 8 documented that the rear
flippers would be seen to tuck in behind the carapace with the flipper tips pointing backwards
and near motionless as per Fig. 32. Our CFD and field test results show that towards the rear
of the carapace, the flow detaches from shell to create a low energy zone directly where the
rear flippers are positioned (Fig. 32c-d and Movie S8). This volume of low energy flow will
help lower both the form and friction drag the turtle experiences, thus improving the animal's
drag coefficient for the gliding stage. This also helps explains why the flippers remain almost
motionless, as any changes to the flipper's position within this low energy zone will not
generate any significant directional control for the turtle.

Low energy flow

Flow separation
point

Rear flipper position
during regular
swimming routine

Figure 32: Flow over the sea turtle's rear flippers during its regular swimming routine. (a) A wild sea turtle producing the
5-stage locomotive cycle, demonstrating the rear flipper position. (b) Cornelia replicates the wild sea turtle in Fig. 32a. (c)
CFD results showing a velocity contour of the flow around the rear the flippers. (d) Dye visualisation tests showing flow
separation point. Also see Movie S8 available at https://www.mdpi.com/2077-1312/11/10/1944.

6.13 Turtle swimming efficiency and Cost of Transport

As observed in Fig. 33, the power consumption, thrust production and swim speed data are
plotted from the experimental swimming tests for the complete swimming cycle.
Additionally, a curve of input power (Fig. 33a) divided by output thrust (Fig. 33b) is
displayed for the down and sweep strokes in Fig. 33e with the cost of transport (COT) for the
complete swimming cycle detailed in Table 2 and plotted against time in Fig. 33d. The cost
of transport was calculated with:

in

mgu

coT =

Where P;, is the input power (Fig. 33a), m the mass of Cornelia, g acceleration due to
gravity and u the swimming velocity (Fig. 33c). During the regular swimming routine,
Cornelia produced an average COT for the entire swimming cycle of only 0.072 to generate
one of the lowest COT values in literature for a swimming robot (Table 2). This is largely due
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to the propulsion strategy, where the sea turtle produces propulsion for approximately 30% of
the limb beat cycle, with the remaining 70% producing a power-saving glide that does not
reduce swimming velocity substantially due to the animal's large mass and low drag
coefficient!?4, This points to how effective this swimming strategy is and helps explain how
sea turtles can swim such vast distances with minimal energy intake.

Cornelia demonstrated that the most energy-efficient point during the propulsion stage was at
the 3.1-second mark to generate a power-to-thrust ratio of approximately 2 W/N or 7N of
thrust for 14W electrical input power (Fig. 33e). At this point, the AoA is almost at its
maximum value, and the sea turtle has already begun accelerating its velocity from its power-
saving glide. Additionally, the LEV continues to grow, with the lift forces producing
approximately 5N of upwards force.

Overall, we found the downstroke was more efficient than the sweep stroke, however, this
could be due to the sweep stroke requiring all six servo motors to run simultaneously rather
than the downstroke, which only required two servo motors to run heavily. Additionally, the
motors used in Cornelia's robotic limbs are hobby-grade servo motors that we believe may
have low mechanical efficiency.

Though the COT obtained is impressive, employing a flapping winged machine in a
commercial drone or device for ocean exploration is far from practical, and the multi-degree
of freedom wings produce complex maintenance procedures coupled with highly complex
manufacturing. For the findings produced here to be valuable, practicable and obtainable for
industry-level technology, we combine the essential variables consisting of wing twist,
wingtip velocity and wing shape, to generate a CFD simulation of a continuously rotating
turtle wing to continuously harness the most efficient section of the turtles locomotive cycle,
as previously mentioned at the 3.1-second mark. Our results demonstrated that it was possible
to achieve a maximum sustained power-to-thrust ratio of 0.5 W/N or 8N of thrust for 4W
mechanical input power (Fig. 33e).

When comparing the thrust values of the continuously rotating turtle wing against the sea
turtle locomotive cycle, it can be observed that the thrust values are comparable with the CFD
results producing 8N and Cornelia producing 7N during the standard sea turtle locomotive
cycle. However, there are variations when comparing the power values, as the CFD results do
not include the overall electrical efficiency of the servo motors and electronics. Therefore, the
significant difference in power consumption will likely come from two main factors: firstly,
the efficiency of the electro-mechanical system and secondly, as the turtle's flipper is
accelerating at this point, therefore, creating additional power consumption when compared
to the constant velocity rotating model.

The continuously rotating turtle wing model could offer significant potential for enhancing
propulsion technologies, especially in multi-functional applications. Beyond the clear energy-
saving merits, incorporating a morphing rotating propulsor reveals an array of advantages for
aquatic navigation and energy harvesting. lllustrated in Fig. 33f and further elucidated in
Movie S9 available at https://www.mdpi.com/2077-1312/11/10/1944, applying a set of
morphing sea turtle-inspired propulsors in a tandem orientation attached to a low-drag
streamlined fuselage could facilitate a multi-purpose underwater drone. While one set of
wings concentrates on propulsion, the other functions as a stabiliser. This configuration
promotes consistent and controlled motion, bolstering the vessel's stability—a crucial
attribute for peak performance across diverse aquatic conditions.

91


https://www.mdpi.com/2077-1312/11/10/1944

Furthermore, as the wings morph, they can transition into a counter-rotating setup. Such an
arrangement is paramount for neutralising the rotational forces exerted on the vessel's
fuselage due to the torque from a singular propellor set. This ensures that the vessel's
trajectory remains unaffected by undesired rotations. Additionally, the concept of torque
vectoring can be explored; by dynamically adjusting the Angle Of Attack (AOA) of each
wing or flipper at precise moments, the vessel may achieve unparalleled underwater agility.

Taking cues from the biomechanics of sea turtles, the device has the potential to function as a
sea glider. In certain conditions, energy can be harnessed by back-spinning the propellors.
This mechanism is reminiscent of how sea turtles leverage their upstroke to optimise energy
use. Thus, this could evolve beyond its foundational propulsion capabilities to also serve as a
renewable energy harvester, seamlessly integrating navigation proficiency with sustainable
energy solutions.

Table 2: Cost of transport of recent state-of-the-art swimming robots from literature

Cornelia 0.072  Results from this current study
ART 3 Baines et al. %

Eel inspired robot 10.72  Nguyen et al. 17

Flexible swimming robot 25 Kwak et al. 108

FINBOT 8.2 Berlinger et al. 1%
Squid-inspired robot 0.087 Bujard et al. 11°

Flexible robotic fish 0.293 Luetal

Tunabot 2.83 Zhu et al., 112

Tunabot flex 1.876  Whiteetal. 13

HASEL jellyfish 1.619 Wangetal. 14
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Figure 33: Turtle swimming efficiency. (a) Power input data for the complete swimming cycle obtained from van der Geest
et al. 1%, (b) Thrust production for the complete swimming cycle obtained from van der Geest et al. 1%, (c) Turtle swim speed
for complete swim cycle obtained from van der Geest et al. 1%, (d) Cost of transport plotted against time. (e) The power-to-
thrust ratio plotted for the downstroke and sweep stroke compared to the power-to-thrust ratio of a continuous rotating
turtle wing. (f) Turtle-inspired propulsion applied to a low-drag drag streamlined body. Diagram illustrating a tandem
configuration with both sets of wings/flippers generating propulsion. (Also see Movie S9).

6.14 Conclusions and future work

In conclusion, this study examines the sea turtle's propulsive cycle considering the
downstroke and sweep stroke during the animal's regular swimming routine. The findings
reveal a critical characteristic that may account for their highly efficient swimming
performance, including their capacity to generate considerable thrust and lift forces during
the downstroke phase, with a continuous LEV formation during both downstroke and sweep
stroke, until it is shed into the wake at the end of the sweep stroke to hypothetically
contribute towards downstream momentum similarly to sea lions *°.

Additionally, the study has highlighted that the Green Sea Turtle robot, Cornelia, produces
one of the lowest Cost of Transport (COT) values in literature for a swimming robot,
indicating the effectiveness of the sea turtle swimming strategy for long-distance swimming
with minimal energy intake. This underscores the potential for the incorporation of these
principles into the design and operation of marine robots and other aquatic devices. Their low
COT values are likely due to their efficient energy usage through a combination of active
propulsion and passive gliding stages. This, coupled with the rear flippers' tucking motion
into a zone of low energy flow, can reduce the form and friction drag the turtle experiences,
thus improving its drag coefficient for the gliding stage.
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Despite the energy-efficient flapping cycle exhibited by sea turtles, applying these findings to
commercial drones or ocean exploration devices remains a challenge due to the complexity of
their locomotion. Yet, by capturing the most efficient section of the turtle's locomotion cycle
and simulating a continuously rotating turtle wing, our study offers promising avenues for
developing industry-level technology.

Though this work brings new insight into the flow features during the sea turtle's propulsive
cycle, it is difficult to pinpoint the exact effect of each flow feature and how these features
interact with each other to generate the animal's propulsion. A deeper understanding of this
can be achieved in future work with the utilisation of a high-level PIV system. Additionally,
as these findings are for regular straight-line swimming, our robot Cornelia can be
programmed to study how the animal creates its manoeuvring techniques by building in the
required control systems.

In summary, this research provides novel insights into the flow features and COT of sea turtle
locomotion and offers valuable guidance for the future development of efficient aquatic
propulsion systems.
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Chapter 7: Employing robotics for biomechanical validation of a
prosthetic flipper for sea turtles as a substitute for animal clinical

trials

7.0 Preface

In the last chapter, we gave initial insight the intricate fluid dynamics and biomechanical
wonders of the Green sea turtle's propulsion. Our robotic model, "Cornelia”, served as a
bridge to understand the marvel of their swimming, spotlighting the power and grace of their
pectoral flippers. However, it also introduced a contemplative question: What becomes of
these creatures when the very essence of their mobility their flippers are compromised?

This pressing concern forms the cornerstone for chapter 7. As we know, sea turtles are a
keystone species in the marine ecosystem. Alarmingly, every sea turtle species faces the
looming shadow of endangerment, with human interference, mainly fishing net
entanglements, being a paramount threat. Such encounters often culminate in a turtle losing
its flipper, significantly hampering its survival capabilities. This is not just a tragedy on an
individual scale; the ripple effects of declining sea turtle populations could upset oceanic
balances, with repercussions cascading to our own way of life.

With an understanding of the magnitude of this issue, chapter 7 ventures into an innovative
domain: Can robotics offer a lifeline to these injured turtles? Our study aimed to evaluate the
feasibility of a prosthetic flipper tailored for sea turtles deprived of a natural flipper.
Leveraging our prior experience with "Cornelia”, we designed a new robotic model named
Loulin, serving as a surrogate for real turtles to gauge the performance of the prosthetic
without the ethical implications of live animal trials.

7.1 Abstract

Sea turtles are a keystone species for the ocean's ecosystem, with all species currently listed
as endangered. Such a threat is mainly due to human factors such as fishing net entanglement.
The entanglement often comes at the expense of the turtle losing a pectoral flipper. The
reduction in a sea turtle's survival odds upon losing a flipper is a significant concern. This
issue extends beyond individual animals, as the potential extinction of sea turtles could have
detrimental effects on ocean health and subsequently disrupt our lifestyles. In this work, with
the help of robotics, we test the suitability of a prosthetic flipper for sea turtles that have lost
a flipper. Testing with our sea turtle-inspired robot helped to demonstrate the prosthetic
flipper's performance without clinical trials in live animals. The robot showed that the
prosthetic could closely mimic the sea turtle's downstroke and upstroke, allowing the animal
to regain control in roll, pitch and yaw, despite the absence of anatomical joints and related
muscles. Additionally, swim speed tests provided an average swim speed of 0.487 m/s while
dragging 6m of cable to give a calculated maximum swim speed of 0.618 m/s coming close
to the average swim speed of wild sea turtles of 0.6 m/s. Our aspiration is that the findings
from this study will pave the way for an open-source implant design, empowering veterinary
professionals globally to aid injured turtles. Furthermore, this research promises to inspire
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additional animal-based robotic designs, advancing technologies geared towards assisting
other animals in distress.

7.2 Introduction

Keystone species are recognised as playing an essential role in the form, function, and overall
structural complexity of the ecosystem in which they live 17122 " Sea turtles are known to
modify their landscape through the way they feed 21, Based on the classification, this makes
the sea turtle an ecosystem engineer 2, as their feeding habits allow coral to flourish by
scavenging on coral competitors 2L, Sea turtles are essential not only to the ecosystem but
also for ecotourism 24, with large numbers of tourists visiting tropical locations around the
world for the chance to swim with a wild sea turtle. However, not all is going well for this
ecosystem engineer. All species of sea turtles are now listed under the endangered species act
as threatened or endangered. The reason for this is highly complex, however, one thing that is
clear is that large numbers of sea turtles every year are caught as bycatch in fishing nets
125,126 The turtles that survive this traumatic incident frequently suffer from amputated or
injured pectoral flippers 2 as a result of thrashing the flipper in a bid to release themselves.
Additionally, during nesting, female sea turtles will return to land to lay approximately 50-
200 eggs on the beach where they were born '?’. This enormous task could be physically
impossible for a sea turtle with only one flipper. A possible solution to help these ecosystem
engineers could be in the form of a prosthetic flipper. Prothesis in sea turtles has been done
before, however, to the best of our knowledge, all attempts have come in the form of a flipper
that straps onto the remaining limb. An example of this can be seen in the work produced by
Sun et al. 1?8, Although they reported promising results, their solution did not allow any
rotation of the prosthetic for varying the flippers angle of attack (AOA). This is a rather
important design parameter to ensure that the desired thrust forces can be achieved.

In recent work by van der Geest et al.24, the sea turtle kinematics are detailed three-
dimensionally based on the green sea turtle. They describe how the swimming pattern can be
broken up into five stages consisting of the Downstroke (DS), Sweep stroke (SS), Recovery
stroke one (RS1), Upstroke (US), and Recovery stroke two (RS2) (Fig. 34ab). Additionally,
they detail that the sweep stroke is generated mainly by the elbow joint. Assuming the sea
turtle amputation zone, as illustrated in Fig. 34c, is located just before the elbow joint,
meaning if the prosthesis were required to perform the sweep stroke, it would require some
form of mechanised actuation. In such a case, challenges derived from control system and
signal acquisition actuation would emerge. Thus building a complex mechanised prosthesis
for a wild animal is practically not feasible, meaning a simple, fully mechanical and robust
solution is required for the success of such a project.
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Figure 34: Sea turtle kinematics patterns obtained from van der Geest et al. 8. Blue spheres represent the wingtip trajectory
for the downstroke (D.S.), pink spheres represent the wingtip trajectory for the sweep stroke (S.S.), green spheres represent
the wingtip trajectory for recovery stroke one (R.S.1), purple spheres represent the wingtip trajectory for the upstroke (U.S.),
and orange spheres represent the wingtip trajectory for recovery stroke two (R.S.2). (a) kinematics as viewed from the
sagittal plane, (b) kinematics as viewed from the coronal plane. (c) sea turtle flipper skeletal system sourced from 8.

In this study, we design and build a robotic sea turtle to test a fully mechanical prosthesis
design. Thus, The robot and implanted animal must only actuate the prosthesis in a simple
roll motion without the sweep stroke. Hence, it can only produce the sea turtle's up and down
strokes without incorporating any control or electrical system. We consider only the
downstroke and upstroke to simplify the prosthetic design and thus ensure a robust and
simple mechanical operation. The AOA is achieved passively with a soft rubber flipper to
help mimic natural locomotion. Therefore we evaluate whether a prosthetic flipper with no
induced actuation mechanism at the elbow joint can be sufficient in propulsion and
manoeuvrability. Although using a robot to help develop a prosthesis for sea turtles is
potentially a world first, robotic test platforms have been extensively used for human
prosthesis development!2%-13,

Outcomes from the evaluations with our biomimetic robotic model elucidated the significant
potential for an implanted turtle to recuperate the locomotive capabilities it had previously
lost. Moreover, the prosthesis exhibited an impressive ability to visually replicate the natural
kinetic patterns characteristic of a sea turtle's up and downstrokes. This visual mimicry
underscores the successful integration of biological locomotion within the prosthetic design,
suggesting a promising interface between the mechanical system and the biological organism.
We hope our findings could lead to other animal-inspired robots to help develop technology
to assist other animals in need.
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7.3 Methods

7.4 Design overview and objective

The primary objectives for the prosthetic flippers are multifaceted, aiming to restore function
and quality of life to sea turtles. Firstly, the prosthesis seeks to replicate a turtle-inspired form
and function, ensuring the turtle can achieve effective aquatic locomotion. This involves
producing sufficient thrust and providing the turtle with sufficient manoeuvrability for
activities such as evading predators and navigating various marine environments. Secondly,
the prosthetic flipper should be durable and simple, requiring minimal maintenance. The
criteria for evaluating the success of these prosthetics are grounded in both quantitative and
qualitative measures. Quantitatively, success can be measured by comparing the thrust and
speed achieved with the prosthesis to that of a natural flipper. Additionally, manoeuvrability
will be judged based on reviewing simple videography of the robot performing simple roll,
pitch and yaw manoeuvres.

7.5 Prosthetic flipper design and manufacturing

The prosthesis design was modelled in CAD (SP5.0, Solidworks 2019, Dassault Systéme,
U.S.A.). The design process followed an iterative cycle using finite element analysis (F.E.A.)
(R19.1, ANSYS, Canonsburg, PA, U.S.A), simulating loading from swimming and land-
based locomotion. Loads were applied to the flipper body as a uniformly distributed load
acting across the entire flipper surface. Initiating with a basic design concept and geometric
framework for facilitating passive flipper rotation, we honed the geometry using a cycle of
refinements in F.E.A. We adhered to this procedure until we achieved the sought-after stress
distribution for both terrestrial and swimming locomotion, as depicted in Fig. 35. The
targeted stress was determined according to the fatigue life of Electron Beam Melting
(EBM)-manufactured Ti641%,

For swimming, the loading was obtained from the study performed by van der Geest et al. 1%
(Fig. 35a-b), for freely swimming green sea turtles. As no prior literature was found for the
loading case for land-based locomotion in sea turtles, some simplifications and assumptions
had to be made. Given that sea turtles inherently display the behaviour of dragging their
carapace across sandy terrain during terrestrial transit to and from their nesting locations, it
was imperative to elucidate the potential friction coefficients existing between the carapace
and sand. This critical information was gleaned using a test rig conceptually modelled to
emulate the underbelly of a turtle's carapace (Fig. 35f-i).

The rig was designed with an adjustable mass component, enabling normal and frictional load
data estimation for various distinct loading scenarios. This customisable setup facilitated the
experimental determination of diverse friction coefficients, thus enhancing our understanding
of the carapace-sand interaction dynamic.

In order to ascertain the load imposed on each flipper during terrestrial locomotion, we
simplified our calculations by assuming a state of static equilibrium. This assumption was
deemed appropriate due to the characteristically low velocity of sea turtles during land transit,
resulting in negligible acceleration. Moreover, we postulated that the pectoral flippers would
bear approximately half of the turtle's vertical load, with the rear flippers primarily
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contributing to the propulsive force, rather than supporting the turtle's weight (Fig 35¢). The
loading for each flipper was then calculated with equations 1-3:

mf.B

Rq = (A+B) (1)
_ mf.A

Ry = (A+B) (2)

1Ry =F (3)

Where R, is the total load in the vertical direction experienced by both pectoral flippers and
R, is the total vertical load acting on the turtle's shell. The turtle's mass is represented as my
with A and B representing the distance from the turtle's centre of mass to the reaction points
R, and R,,. A friction force F; between the sand and shell is found using an experimental
coefficient of friction value u.
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Figure 35: Prosthesis design process. (a) Sea turtle thrust production at 0.23Hz for one complete flipper oscillation obtained
from van der Geest et al. Black dots signify individual data points, while the blue line illustrates the curve fit to the data. 1%,
(b) Sea turtle lift production at 0.23Hz for one complete flipper oscillation obtained from van der Geest et al. Black dots
signify individual data points, while the blue line illustrates the curve fit to the data. 1. (c) F.E.A. mesh displayed without
soft flipper. (d) Typical F.E.A. results showing stress distribution. () Free body diagram of the simplified forces during
land-based locomotion. (f) Friction coefficient testing results. (g) Friction coefficient testing unit. (h) Testing for friction
force. (i) Testing for normal force.
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The flipper's AOA was achieved passively by designing the flipper to rotate on a
transmission shaft held in place by two ceramic bearings (Fig. 36a-c). The torque (M,) to
rotate the flipper into its downstroke and upstroke positions passively can be modelled using:

M, = F * Ax

Where F,, is the force acting at the centre of pressure a distance Ax from the flipper rotation
axis (Fig. 36b).

Downstroke
position

Upstroke
position

Figure 36: Prosthetic flipper design. (a) Complete CAD model showing the implant in the humerus bone along with the soft
slipper that is cast over the flipper mechanism. (b) Free body diagram of flipper mechanism with £, the force acting at the
flipper centre of pressure. M, the moment applied to rotate the mechanism and Ax the distance of the centre of pressure
from the mechanism'’s rotation axis. (c) A.O.A. generating mechanism showing the mechanical limits for the upstroke and
downstroke.

The stem was designed with a porous lattice structure to promote bone ingrowth and help
lower stress shielding™313, The stem and internal flipper structure was additively
manufactured using electron beam manufacturing (EBM) technology from titanium alloy
(Ti64). CAD Models were processed using Solidworks 2019 SP5.0 and then exported to STL
mesh files. The STL Mesh files were prepared in Materialize Magics 23 software. The turtle
stems were built on an Arcam Q10plus EBM machine with SOP17:1 running EBMControl
5.0 software. The solid regions of the component were built using a standard process melt
theme with 0.05mm layer thickness. The porous structure was generated using Materialize
Magics 23, using the Structures module. This used a 0.60mm unit cell with 0.05mm overlap
in X,y and z, and a 45-degree growth angle. This generated a mesh with a 0.27mm strut
diameter. The porous structure was built using the standard NET process theme with 0.05mm
layer thickness.
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The main bearing housing is bolted together with four Ti64 fasteners, as seen in Fig. 37a-d.
The two ceramic bearings were installed with 98A TPU bushings to reduce the chances of
impact loads damaging the bearings. After printing, the transmission shaft and bearing races
were machined to achieve the required bearing tolerances. The soft flipper was manufactured
by casting 70A polyurethane rubber over the flipper's internal structure using a split mould
assembly. Shore A 70 hardness polyurethane rubber was used as it gave what we feel is the
best compromise between bio-mimicking the natural flipper flex and structural resistance to
hydrodynamic loads. Additionally, the lid of the mould assembly acted as a holding jig to
precisely position the flipper structure within the correct design location of the overall flipper
geometry, as seen in Fig. 37e.

TPU bushings
sleaved over
zirconia
bearings

TI164 fasteners

Porous lattice
structure

TI64 captive
nuts

Figure 37: 3D printed titanium prosthetic assembly. (a) Flipper mechanism showing Soft TPU bearing bushings to help
reduce impact loadings. (b) Flipper mechanism being assembled to stem. (c) Fully assembled prosthetic without the soft
flipper. (d) close up of the porous stem structure (Red areas are the porous zones with blue areas solid zones) and captive
nuts for securing stem to flipper mechanism. (e) Flipper casting process. (1) split mould preparation. (2) assembly of split
mould and flipper mechanism. (3) Full mould assembly. (4) Casting of soft rubber flipper.
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7.6 Sea turtle-inspired robot design and manufacture

As previously explained, the swimming cycle of sea turtles is composed of five distinct
stages, namely, DS, SS, RS1, US, and RS2. The SS and RS1 phases are predominantly
enabled by articulating the turtle's elbow joint. Without this joint, as the results of
amputation, only the DS and US stages can be attained. This understanding aids in
streamlining the design process for both the robotic model and the prosthesis, as the designs
need only facilitate a simple roll motion coupled with a passive pitching rotation, as depicted
in Fig. 38.

The robot's carapace, as illustrated in Fig. 38a-b, was intentionally simplified relative to the
intricate form of a natural sea turtle. This was achieved by designing a body symmetrical in
both sagittal and coronal planes. Moreover, the carapace's overall volume was reduced,
thereby decreasing the required material volume and consequently simplifying the
manufacturing process. It is worth mentioning that despite these modifications for
practicality, the robotic model retains an overall form that is heavily inspired by sea turtles.

These design choices are justified by the need for technical efficiency, material economy, and
manufacturing simplicity. The iterative process of developing a bio-inspired robotic system
necessitates these simplifications as a practical compromise between biologically accurate
representation and feasible engineering solutions. The objective is to attain a balance between
biological mimicry and operational efficiency, ensuring the robotic model can adequately
perform its testing role for the prosthesis.

a

Legend Legend
® DS® SS® RS1@ US @ RS2 e DS @ US

Figure 38: Robot sea turtle simplifications and comparisons to natural sea turtle locomotion. (a) Natural sea turtle
locomotion displays each of the five stages. (b) Simplified robot sea turtle locomotion displaying upstroke and downstroke
flipper tip path.
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Using additive manufacturing equipment, the turtle-inspired robot chassis was 3d printed
from PLA+ filament (Esun, Shenzhen, China). Printing was done with an FDM machine
(Caribou Mk3s, Caribou, Remagen, Germany) with the model sliced into 0.16mm layer
heights and printed with 40% honeycomb infill. The front transmission assembly used two
Savox SW-0231MG servos (Savox, Taichung City, Taiwan). The servos were bolted to a
CNC machined adaptor plate that connected the prosthetic flippers to the servo motors with
two four-bar linkage mechanisms made from titanium turnbuckles (Fig. 39a-c) to produce a
maximum roll amplitude of 90° (Fig. 39c). The same servo motors actuated the rear flippers
however actuation went through a simple belt drive of 1:1 drive ratio (Fig. 39b). To achieve
the correct buoyancy the chassis was designed to allow water ingress, except for a small
acrylic box that kept the non-waterproof electronics dry (Fig. 39b). Power was sent to the
four servo motors via a 6.6V, 4C, 1800mAh LiFe battery (Muchmore Racing, Seoul, Korea)
that was also housed inside the watertight enclosure.

To avoid the necessity for a control system to maintain stability, the robotic model was
strategically engineered to exhibit inherent stability. This was achieved by ensuring the centre
of buoyancy (COB) was above the robot's centre of gravity (COG) as viewed from the y-z
plane in Fig. 40a to generate a natural righting moment.

Sea turtles produce a more aggressive downstroke when compared to their upstroke3#8495.104,
To offset the powerful downstroke and help the robot swim level, the COG was designed to
be frontwards of the COB seen from the x-y plane in Fig. 40b. This caused the robot to pitch
noise down when stationary and level out during swimming operation. The robot operator
generated the servo actuation via a handheld controller, as seen in Fig. 39a. This allowed the
operator to control each servo actuation as needed to perform the desired motion underwater.

Elevator servos
connected to belt
drive

a

Cat6 data cable —>

<+— Roll servos connected
to a 4-bar linkage
mechanism

]
Waterproof

acrylic enclosure

Handheld Servo
controller

Figure 39: Robot sea turtle assembly. (a) Complete assembly showing hand controller connected to a cat6 data cable. (b)
Internal hardware showing front transmission with servos and 4-bar linkage mechanism, waterproof Acrylic electrical
enclosure and rear flippers/elevators with belt drive. (c) Front transmission assembly with the front flipper roll amplitude
limited to the transverse plane.
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coG

Figure 40: Free body diagram of robot turtle. (a) Centre of buoyancy vs centre of gravity as viewed from the y-z plane. (b)
Centre of buoyancy vs centre of gravity as viewed from the x-y plane.

To ensure a naturally stable robot during swimming, as described before, the COG and COB
needed to be precisely positioned relative to one another. To accomplish this, a complete
CAD model of the robot, including every nut, bolt and circuit board, along with the correct
volumes and masses, was defined within the CAD model to create a virtual clone of the robot
assembly. This allowed the COG to be atomically calculated within CAD relative to the
COB.

Calculating the COB required the CAD model to be converted into water by defining all the
solid bodies within the entire assembly as the density of water. Additionally, the watertight
enclosure had to be remodelled as a solid body (No longer hollow) to ensure the correct fluid
volumes were obtained. This process was iterated in CAD by tuning the internal geometry of
the robot model until the desired COB and COG positions were obtained within the CAD
virtual space.

During the manufacturing process, each part and sub-assembly was weighed after
manufacturing to ensure its mass properties matched the virtual part from CAD. The virtual
robot's mass was 2507.2 grams, and the final completely assembled robot was 2507 grams.
As a result of this design process within the CAD virtual environment, the robot achieved
perfect buoyancy in the water column and required no trimming.
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7.7 Results and discussion

7.8 Swim speed and average thrust generation

All swim tests were performed at the AUT Millennium Centre high-performance training
facilities in Auckland, New Zealand. The centre utilises an internal system they name "Video
tracking". Video tracking is used to measure the swim speed of Olympic athletes during their
training sessions. It is programmed to follow red objects from multiple gigabit ethernet
cameras built into the pool roof, thus allowing swim speed to be easily calculated by
differentiating the position data (Fig. 41a). The robot's head and flippers were manufactured
red to take advantage of Video tracking to find the swim speed of the robot. Due to the
robot's low drag, the cable did produce significant interference during swimming compared
with the body's drag forces. Despite this, the robot produced a maximum swim speed of
0.487+0.001 m/s at a flapping frequency of 0.9Hz while dragging 6m of cat6 data cable
underwater (Fig. 41b).

An estimated theoretical max swim speed was calculated for the robot without the data cable
with the help of C.F.D. ANSYS CFX (ANSYS 2019 R2, Canonsburg, P.A, USA). The CFD
code used the ke model for two separate simulations, one with the robot and one with the
cable (Fig. 41cd). The simulation for the robot was performed without flippers, as they are
propulsion generators rather than drag generators, with the cable modelled as per the video
footage in Fig. 41b. Simulations predicted a drag coefficient (c;) of 0.205 for the robot and
0.364 for the cable. Based on the c, of the cable and robot a total drag force (F;y¢q;) Of
1.239N was calculated for 0.487 m/s. From this, the estimated maximum swim speed of

0.618 m/s was calculated using:
2Ftotal
| VA /
max pACd

Where A and ¢, are the frontal area and drag coefficient of the robot's body only. Given that
the robot was swimming at a constant velocity, the total drag force can be mathematically
equated to the average thrust generation. Through our analysis, we ascertained that the robot
with the prosthesis produced an average thrust of 1.239 N, utilising a basic roll and pitch
motion. Drawing comparisons from a study by van der Geest et al.%*, a wild sea turtle of
comparable dimensions generates an average thrust of 2.4N during its typical swimming
activities. While the prosthetic flippers recapture only approximately 50% of this native
thrust, it is noteworthy to emphasise that this is a significant improvement over having no
flipper at all. This demonstrates that even the rudimentary motion facilitated by the prosthesis
can offer meaningful propulsion, underscoring its potential utility in locomotion.
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Figure 41: Robot swim speed data and tests. (a) Position vs time data from the AUT Millenium centres video tracking
software. (b) The image shows the robot dragging the data cable through the water during a speed test. (c) CFD simulation
of robot turtle body. (d) CFD simulation of data cable.

7.9 Manoeuvrability tests

While motion capture techniques were employed to determine swim speed, these methods
proved ineffective in capturing roll, pitch, and yaw motions during swim tests. In order to
support these motions, we employed underwater videography (Movie S1 available at
https://www.mdpi.com/2077-1312/10/11/1770). While relying on videography data can be
considered a more qualitative approach, the footage shows that the prosthesis performed
admirably in executing roll, pitch, and yaw motions based on basic user inputs (Fig. 42a-¢).

For instance, the yawing action to steer the robot left and right (Fig. 42d-e) was realised by
having the operator modulate the speed of the left or right flipper, thereby generating the
desired thrust vector. Yaw motions could be adeptly executed both during full-speed
swimming and when stationary. Similarly, the robot's pitch was controlled by altering the
frequency of the upward and downward strokes relative to one another while concurrently
adjusting the angle of the rear flippers/elevators, as depicted in Fig. 42a-c. This adaptive
strategy, wherein the simple adjustments to the flipper movements result in complex and
precise manoeuvres such as yaw and pitch, underscores the efficacy and versatility of the
prosthesis in mimicking authentic sea turtle locomotion. The notable aspect of this finding
lies not merely in replicating these complex movements but through intuitive controls and
uncomplicated modifications to flipper speed.
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Figure 42: Manouvrability tests. (a) free body diagram showing the pitching axis. (b) Pitching up to ascend towards the
surface. (c) pitching down to dive. (d) free body diagram showing the yaw axis. (e) Robot producing stationary yaw without
forward swimming motion. Also see Moivie S1 available at https://www.mdpi.com/2077-1312/10/11/1770.

When evaluating the locomotion patterns of our robot fitted with the prosthetic flipper,
focusing on the downstroke, upstroke, and wing rotation phases, a striking similarity is
evident when compared with the green sea turtle's natural movements, as depicted in Fig. 43.
These parallels offer significant insights into the biomechanical fidelity of our robotic design.
However, a discernible deviation is noticeable in how the flipper articulates during each
phase. The green sea turtle can morph and twist its flipper in its natural environment,
providing multifaceted control over its aquatic manoeuvres. Conversely, our prosthetic
design, bounded by current technological constraints, limits the flipper's movement to a
rotation along a singular axis, as illustrated in Fig. 43 under the wing twist column.

This distinction, while noteworthy, is a conscious design decision rooted in prioritising
mechanical durability and simplicity. As alluded to in our previous discussions about
removing the sweep stroke, the design's simplification to mere rotation minimises the number
of potential failure points. This decision not only ensures the longevity and reliability of the
prosthesis but also streamlines the engineering challenges, offering a robust solution that,
while not perfectly emulating nature, strikes a balance between biomechanical accuracy and
mechanical pragmatism.
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Figure 43: Prosthetic implant graphical comparison against the natural green sea turtle locomotion. (a) The turtle-inspired
robot applying the downstroke, upstroke and wing rotation. (b) A computer render from van der Geest et al.1% demonstrates
the natural sea turtle downstroke, upstroke and wing morphing/twisting at 0.08 second time steps for the natural swimming
routine outlined in Fig 43a-b.

7.10 Conclusion and future work

In this research, we conceptualised and constructed a robotic sea turtle to evaluate a purely
mechanical prosthetic design. The robotic model, representing the prospective implanted
animal, was engineered to actuate the prosthesis through a basic roll and passive pitch
motion, excluding the sweep stroke. This approach allowed us to emulate the sea turtle's up
and down strokes. The study has shown that the prosthesis could allow an implanted animal
to regain intricate movements, such as roll, yaw and pitch, through relatively straightforward
inputs.

The average thrust generated by the prosthesis, though presently amounting to roughly half of
what wild sea turtles can produce, holds particular promise. This thrust enhancement, even in
the absence of a complete Sweep Stroke (SS) that characterises the natural propulsion cycle
of the turtles, demonstrates a marked improvement over having no flipper at all.

However, while filled with potential, some limitations require discussion. A significant
limitation was the motion capture techniques' inability to accurately track stationary roll,
pitch, and yaw motions during swim tests. Though invaluable, our dependence on underwater
videography did not provide the quantitative precision desired, especially in capturing the
nuances of thrust dynamics and the various motions.

Moving forward, the goal is not merely to optimise the design but to understand and develop
the complete integration of the prosthesis with the sea turtle's body which will require animal
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trials. Detailed attention must be paid to the stem and the intricacies of the implantation
procedures. Every surgical step, from the initial incision to the post-surgical aftercare, plays a
crucial role in ensuring that the prosthesis remains anchored and can deliver the requisite
thrust without complications.

However, the challenges do not end post-surgery. The animal with an implanted limb will
need comprehensive rehabilitation programs designed to familiarise them with the unique
thrust dynamics of their new appendage, ensuring they can regain and, maybe, exceed their
previous swimming capabilities. Through this rehabilitation, the goal is to restore physical
function and bolster the turtle's confidence in navigating aquatic terrains with their new
prosthetic.

Even though we currently cannot replicate the complete SS with the prosthesis, and thus, the
entire swimming cycle is not 100% mimicked, the results are promising.

Collaborations with marine biologists, veterinary surgeons, and biomechanics experts will be
instrumental. Their combined expertise can push the boundaries of what is possible for
rehabilitating injured sea turtles and advancing the frontiers of bioinspired robotic design.
Both authors of this communication welcome the international scientific community for
future collaborations.

In wrapping up, the technology presented in this communication could offer a lifeline for
injured sea turtles requiring prosthetic support, enabling naturalistic movement patterns
crucial for survival. The ability to emulate such intricate and nuanced motions of an actual
sea turtle using a relatively simple and controllable prosthetic system highlights an innovative
intersection of biology, technology, and engineering that could have far-reaching impacts.
Given the inherent simplicity of the prosthesis operation, it is entirely plausible that a sea
turtle, renowned for its adaptability, could learn to utilise this prosthetic flipper effectively.
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Chapter 8: Discussion and Conclusion

The sea turtle, a marvel of biological evolution, represents an outstanding case study in
biomechanics and hydrodynamics. Over the course of this thesis, we have sought to answer
four research questions spread across five sequential peer-reviewed publications serving as
individual chapters that delved into swimming kinematics, propulsion methods, fluid
mechanics, and the potential of using these insights for practical applications.

The research presented in this thesis was grounded in a series of five peer-reviewed published
works, each meticulously contributing to the exploration and understanding of four critical
research questions regarding sea turtle locomotion. These questions were:

1- What are the defining characteristics of aquatic locomotion in Sea turtles within their
natural habitat, and how do these differ from locomotive behaviours observed in
juvenile turtles in captive settings?

2- Which biomechanical and physiological mechanisms enable Sea turtles to generate
efficient thrust for propulsion in their aquatic environments?

3- How does the morphology and movement of Sea turtle flippers affect and interact with
surrounding hydrodynamic fields to influence their locomotion?

4- Can the insights derived from studying Sea turtle propulsion mechanisms be applied to
practical uses, particularly in advancing marine technologies?

The progression of these peer-reviewed publications began with Chapter 3, which specifically
addresses the first question to characterise the aquatic locomotion in wild sea turtles.

Chapters 4, 5, and 6 collectively delve into the biomechanical and physiological aspects of
sea turtle propulsion, providing answers to the second question. These chapters also revisit
and further elaborate on the third question, deepening the understanding of flipper movement
and hydrodynamics. Finally, Chapters 6 and 7 synthesize this knowledge, exploring how it
can be applied to the development of marine technology and other practical applications,
thereby addressing the fourth question. This cohesive body of peer-reviewed research ensures
a robust and scholarly approach to the study of sea turtle locomotion and its broader
implications.

The study's findings illuminate the extraordinary biomechanics of sea turtle locomotion. By
developing non-invasive techniques to record their swimming kinematics, we have unearthed
a new five-stage cycle swimming locomotion model. This model offers a comprehensive
understanding of how sea turtles create propulsion, providing a more nuanced picture than
previous models.

In our continuous quest to understand the intricate biomechanical strategies of sea turtles, we
ventured into creating an advanced robotic model we named Cornelia that meticulously
mimics the green sea turtle's form and functional attributes. Drawing from the wealth of data
from this robotic surrogate, we discerned an intriguing propulsion paradigm: sea turtles
allocate a mere 30% of their limb beat cycle towards active propulsion. The remaining 70%
of the cycle is harnessed for a power-conservative low-drag glide.

During this hydrodynamically efficient glide, the sea turtles exhibit an astute exploitation of
the ambient fluid dynamics. By harnessing the kinetic energy embedded within the
surrounding aquatic medium, they ingeniously facilitate a passive elevation of their flippers
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during the pivotal upstroke phase. This orchestrated motion serves a dual purpose. Firstly, it
precipitates a palpable reduction in hydrodynamic drag, achieved through the creation of low-
pressure differentials. This ensures the circumvention of turbulent interactions notorious for
energy wastage, such as the wingtip vortices. On the flip side, the active propulsive phase is a
theatre of complex vortex dynamics. Our analysis reveals the generation of a Leading Edge
Vortex (LEV) that is judiciously shed at the culmination of the sweep stroke. In parallel, we
identified a distinct vortex formation, we call the Sweep Stroke Vortex (SSV), which
intriguingly is delivered and released almost in tandem during the sweep stroke. The
synergistic shedding of the SSV and LEV into the wake appears to impart downstream
momentum, possibly amplifying the turtle's hydrodynamic efficiency.

These observed hydrodynamic orchestrations converge to reveal an astonishingly low Cost of
Transport (COT) for sea turtles, a testament to the evolutionary refinement of their propulsion
strategies. Such propulsion intricacies, nuanced over aeons, underscore the sea turtles'
remarkable prowess in traversing vast oceanic expanses, even while subsisting on a diet that
offers a relatively low energetic return.

In the culmination of this PhD thesis, which sought to unravel the biomechanics of sea turtle
locomotion and its potential technological extrapolations, our inquiries have illuminated
several compelling facets, especially in biomechanically-inspired prosthetics.

Our meticulous examination of sea turtle propulsion mechanics inspired the exploration of a
purely mechanical prosthetic design. Operated through a fundamental roll combined with
passive pitch and intentionally excluding the sweep stroke, our intention was streamlined: to
mirror only the turtles’ essential vertical movements. The outcomes from these investigations
have been particularly encouraging. The designed prosthesis promises the restoration of
complex motions, such as roll, yaw, and pitch, to an implanted host and achieves this feat via
a surprisingly minimalistic actuation paradigm.

It is also imperative to underscore the significance of the generated thrust. While achieving
approximately half of the thrust of wild sea turtles, this is a formidable stride in
biomechanical prosthetics. The fact that significant thrust can be augmented without fully
emulating the Sweep Stroke (SS), a hallmark of natural turtle propulsion, signals a beacon of
hope for future interventions. This relative augmentation is a testament to the prosthesis's
efficacy, especially when compared to the unfortunate circumstance of a turtle without a
flipper.

In the culminating phases of this thesis, we described the prospective applications of our
investigative results to marine exploration technologies. Navigating the intricacies of
transmuting the multifaceted biomechanics of an oscillating sea turtle flipper into a tangible
mechanical prototype presented challenges. Nevertheless, our computational fluid dynamics
(CFD) simulations, which focused on a constantly rotating turtle wing, demonstrated a
promising energy-to-thrust output. This gives a compelling blueprint for conceptualising
high-efficacy, bio-mimetic underwater drones incorporating a rotating, turtle-inspired,
morphing propulsor. Our research posits that, when employed in a tandem configuration,
such a propulsor can manifest a myriad of adaptive functionalities. This encompasses roles as
a rudder or stabiliser, a propulsion mechanism, an energy harvester, and potentially a means
of dynamic thrust vectoring. Envisioning a drone endowed with such versatility and paired
with the appropriate sensor array, one can foresee profound applications in domains like
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search and rescue operations, bathymetric charting, and coral reef replanting, all while
operating at minimal energy expenditure.

These revelations emphasise the intricate beauty of nature's biomechanics and highlight the
immense potential at the crossroads of biology and technology. The quest for bridging these
two domains, albeit challenging, carries with it the promise of innovations that could
revolutionise how we perceive biological interventions and their techno-inspired
counterparts.

While this study provides valuable insights into sea turtle swimming mechanics, it represents
an initial foray into this intricate domain. To further unravel the complexities of sea turtle
biomechanics and its potential technological implications, the findings from this research
present several pivotal directions for continued inquiry and development:

8.1 Future research

1 Fluid-Structure Interactions and Wake Patterns

Objective: Further comprehending the intricate fluid dynamics intrinsic to sea turtle
locomotion, primarily focusing on the interactions between fluid and the biological structure,
alongside the consequential wake patterns and vortices.

Methodology: Harnessing advanced Computational Fluid Dynamics (CFD) simulations in
tandem with Particle Image Velocimetry (P1V) will offer high-resolution insights into the
emergent wake patterns of flapping flippers. This can be complemented with experimental
setups involving wind tunnels and hydrodynamic flow tanks for real-world validation.
Significance: A profound understanding of these nuanced interactions will pave the way for
enhanced design and efficiency in bio-inspired marine technologies, potentially leading to
innovative propulsion mechanisms that borrow from nature's evolutionary optimisation.

2 Kinematics in Navigational Dynamics

Objective: Elucidate the kinematic intricacies during yaw, roll, and pitch, particularly when
sea turtles face the challenges of navigating currents. The end goal is understanding,
replicating, and controlling these movements in mechanical counterparts.

Methodology: By integrating motion capture technologies with state-of-the-art telemetry
tools, the movements of wild sea turtles in varied conditions, including adversarial currents,
can be closely monitored and analysed. Such data can inform and calibrate robotic models to
replicate similar kinematic responses.

Significance: For marine technologies, mastering navigational dynamics, especially in
unpredictable conditions, is paramount. The ability to manoeuvre adeptly through yaw, roll,
and pitch can dramatically augment the performance and versatility of underwater robotic
systems.

3 Morphing Turtle-Inspired Propellor Development

Objective: Undertake iterative design and testing to evolve the turtle-inspired morphing
propellor, aiming for efficiency, adaptability, and versatility.

Methodology: Drawing from the research findings and integrating them with iterative
prototyping, simulations, and real-world testing, the propellor's design and functionality can
be incrementally refined.

Significance: A morphing propellor, inspired by the biomechanics of sea turtles, can usher in
a new era for marine propulsion systems, having implications not only for exploration but
also for sustainable marine technologies.
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These proposed avenues for future exploration represent a natural extension of the
groundwork laid in this thesis. By delving deeper into these domains, the promise of merging
biological insights with engineering innovations can further the frontiers of marine
technology and conservation, leading to a more harmonious coexistence of nature and
technology.

This study represents a significant stride towards understanding the marvel of sea turtle
locomotion and how we can apply this knowledge to technological advancement. It is hoped
that this novel work will inspire further research into the biomechanics of other marine
creatures and contribute to the ongoing quest to develop more efficient, bioinspired
technologies for ocean exploration. In this context, our work reaffirms that nature, through its
millions of years of evolutionary optimisation, has much to teach us, and the sea turtle
remains an effective teacher in the realm of efficient propulsion.

Figure 44: The synergy squad..
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Appendices

Appendix A: New insights into the swimming kinematics of wild Green sea turtles (Chelonia mydas)

Supplementary Figure S1, Swimming patterns from observed turtles, showing the five flipper stages

FLAP DURATION (s) DS (s) SS(s) RS1(s) US(s) RS2 (s) FLAP DURATION (s) DS (s) SS(s) RS1(s) US(s) RS2 (s)

43 0.9 0.8 0.9 11 0.6 3.7 0.7 0.7 0.8 11 0.4

FLAP DURATION (s) DS (s) SS(s) RS1(s) US(s) RS2(s)
42 09 FLAP DURATION (s)  DS(s) SS(s)  RS1(s) US(s) RS2(s)
4.4 0.7

0.7 0.8 1.2 0.6
0.9 0.7 1.2 0.9

FLAP DURATION (s)  DS(s) SS(s)  RS1l(s) US(s) RS2(s)

5 1 1 1 13 0.7

FLAP DURATION (s) DS (s) SS(s) RS1(s) US(s) RS2(s)
3.9 0.8 0.8 0.7 1.1 0.5

FLAP DURATION (s) DS (s) SS(s) RS1(s) US(s) RS2(s)
3.9 0.8 0.7 0.7 1.2 0.5
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Matlab code to generate swimming kinematic models and animations.

clear all

$constants for wing

alx =
bounds)
alx =
bounds)
blx =
bounds)
a’x =
bounds)
b2x =
bounds)
a3x =
bounds)
b3x =
bounds)
adx =
bounds)
bidx =
bounds)
abx =
bounds)
bb5x =
bounds)
a6x =
bounds)
box =
bounds)
a’lx =
bounds)
b7x =
bounds)
a8x =
bounds)
b8x =
bounds)
WX =
bounds)

aly =
bounds)
aly =
bounds)
bly

bounds) (=165,

tip
117.1; %Coefficients
(116.9, 117.4)
-182.9; S$Coefficients
(-183.3, -182.06)
42 .63; SCoefficients
(42.04, 43.23)
-13.3; %Coefficients
(-13.72, -12.88)
-54.58; %Coefficients
(=54.93, -54.23)
17.38; SCoefficients
(17.04, 17.73)
-8.806; %Coefficients
(=9.22, -8.5)
-5.189; %Coefficients
(=5.53, -4.848)
1.512; SCoefficients
(1.158, 1.867)
-2.087; SCoefficients
(=3.029, -2.345)
-2.955; %Coefficients
(=3.302, -2.607)
2.653; SCoefficients
(2.31, 2.990)
-2.801; %Coefficients
3.146, -2.455)
-0.3433; %Coefficients
(-0.6859, -0.0006559)
-1.62; %Coefficients
(=1.965, -1.275)
-0.08304; %Coefficients
(-0.425, 0.2589)
-1.225; %Coefficients
(=1.57, -0.8805)
1.496; %Coefficients
(1.495, 1.497)

303;%Coefficients

(302.06,

303.3)

219.6;%Coefficients

(219.1,

-164.3;
-163.7)

220.1)
$Coefficients

(with 95%
(with 95%
(with 95%
(with 95%
(with 95%
(with 95%
(with 95%
(with
(with
(with
(with
(with
(with

(with

(with

O
ul
o\

(with
(with 95%

(with 95%

(with 95%

(with 95%

(with 95%
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aly
bounds)
b2y =
bounds)
aldy =
bounds)
b3y
bounds)
ady
bounds)
bdy
bounds)
adby
bounds)
b5y
bounds)
aoy
bounds)
b6y
bounds)
aly
bounds)
b7y =
bounds)
a8y
bounds)
b8y =
bounds)
wy =
bounds)

alz
bounds)
alz
bounds)
blz
bounds)
azz
bounds)
b2z =

bounds)
a3z =

bounds) (-38.75,

b3z

bounds) (22.93,

adz

bounds) (-15.5,
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84.45; %Coefficients (with 95%
(83.9, 85)
-65.54; %Coefficients (with 95%
(-66.06, -65.02)
26.33; %Coefficients (with 95%
(25.82, 26.83)
45.71; %Coefficients (with 95%
(45.25, 46.17)
-11.23; %Coefficients (with 95%
(-11.7, -10.76)
20.05; %Coefficients (with 95%
(19.58, 20.51)
-0.5956; SCoefficients (with 95
(-1.049, -0.1420)
-2.631; $Coefficients (with 95
(-3.086, -2.177)
-2.067; %Coefficients (with 95
(-3.118, -2.217)
0.6726; %Coefficients (with 95
(0.2169, 1.128)
0.678; %Coefficients (with 95%
(0.2276, 1.128)
-0.7038; %Coefficients (with 95%
(=1.158, -0.2495)
2.542; %Coefficients (with 95%
(2.091, 2.993)
-0.9941; %Coefficients (with 95%
(-1.45, -0.5381)
1.496; %Coefficients (with 95%
(1.495, 1.497)
262.7; %Coefficients (with 95%
(262.2, 263.2)
11.65; %Coefficients (with 95%
(10.84, 12.46)
-63.16; %Coefficients (with 95%
(-63.81, -62.51)
-33.56; %Coefficients (with 95%
(=34.47, -32.65)
82.36; %Coefficients (with 95%
(81.6, 83.12)
-38.04; %Coefficients (with 95%
-37.33)
23.7; %Coefficients (with 95%
24 .406)
-14.84; %Coefficients (with 95%
-14.19)
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confidence
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bdz = -8.802; %Coefficients (with 95%
bounds) (-9.464, -8.14)

abz = -7.894; %Coefficients (with 95%

bounds) (-8.537, -7.251)

b5z = -4.65; %Coefficients (with 95%

bounds) (-5.307, -3.993)

aocz = -6.884; %Coefficients (with 95%

bounds) (-7.532, -6.230)

boz = -6.088; %$Coefficients (with 95%

bounds) (-6.757, =-5.419)

alz = 2.615; %Coefficients (with 95%

bounds) (1.972, 3.258)

b7z = -3.547; %Coefficients (with 95%

bounds) (-4.197, -2.897)

a8z = -1.716; %Coefficients (with 95%
bounds) (-2.362, -1.069)

b8z = 1.293; %Coefficients (with 95%

bounds) (0.6416, 1.945)

Wz = 1.496; %Coefficients (with 95% c

bounds) (1.495, 1.497)

$constants for elbow

alxe = 54.06; %Coefficients (with 95%
bounds) (53.98, 54.14)

alxe = -5.371; %Coefficients (with 95%
bounds) (-5.497, -5.240)

blxe = -2.415; %Coefficients (with 95
bounds) (-2.539, -=-2.29)

azxe = -3.954; S$Coefficients (with 95
bounds) (-4.108, -3.8)

b2xe = -4.81; %Coefficients (with 95%
bounds) (-4.951, -4.67)

a3xe = -0.15; %Coefficients (with 95%
bounds) (-0.3219, 0.02195)

b3xe = -4.306; %Coefficients (with 95%
bounds) (-4.428, -4.183)

adxe = -0.3527; %Coefficients (with 95%
bounds) (-0.4713, -0.2341)

bidxe = 0.5996;%Coefficients (with 95%

bounds) (0.4677, 0.7315)

abxe = -0.3945; %Coefficients (with 95%
bounds) (-0.5205, -0.2685)

bbxe = 0.8514; %Coefficients (with 95%
bounds) (0.7257, 0.9772)

abxe = 0.203; %Coefficients (with 95%

bounds) (0.06776, 0.3383)
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boxe =
bounds)
alxe =
bounds)
b7xe =
bounds)
a8xe =
bounds)
b8xe =
bounds)
wxe =

bounds)

alye =
bounds)
alye =
bounds)
blye =
bounds)
azye =
bounds)
b2ye =
bounds)
aldye =
bounds)
b3ye =
bounds)
adye =
bounds)
bdye =
bounds)
abye =
bounds)
bbye =
bounds)
abye =
bounds)
beye =
bounds)
alye =
bounds)
b7ye =
bounds)
aBye =
bounds)
b8ye =
bounds)

(2.847,

(1.538,

1.067;
(0.9507,
-0.2762;
(-0.3959,
0.4133;
(0.2967,
0.0009741;
(-0.1218,
-0.565;
(-0.06814,
1.496;

(1.493,

318.1;
318.2)
30.
(30.36,
-44

(318,

(-45.08,

10.

(10.01,

-5.333;

(-5.458,

1.414;

(1.293,

2.968;
3.09)
-0.2397;
(-0.3597,

1.

(0.6502,

-1.155;

(-1.274,

-0.02553;
(-0.1491,
0.2741;

(0.1543,

-0.5696;

(-0.69,

(0.1945,

-0.1613;
(-0.2817,

%Coefficients
1.184)
$Coefficients
-0.1564)
$Coefficients
0.5299)
%Coefficients
0.1238)
$Coefficients
-0.4487)

$Coefficients
1.498)

$Coefficients

55; %Coefficients

30.74)

92; %Coefficients
-44.76)
14; %Coefficients
10.27)
$Coefficients
-5.208)
%$Coefficients
1.534)

$Coefficients
-0.11906)

66; $Coefficients

1.782)
-0.499;

(-0.6186,
0.7714;

%3Coefficients
-0.3795)
$Coefficients
0.89206)
$Coefficients
-1.035)
%Coefficients
0.09802)
$Coefficients
0.394)
$Coefficients

-0.4492)
0.3139;

%Coefficients
0.4334)
%$Coefficients
-0.04093)

$Coefficients

(with 95%
(with 95%
(with 95%
(with 95%
(with 95%
(with 95%
(with 95%
(with 95%
(with 95%
(with 95%
(with 95%
(with 95%
(with 95
(with 95
(with 95
(with 95
(with 95%
(with 95
(with 95
(with 95%
(with 95
(with 95
(with 95%
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wye = 1.496; %Coefficients (with 95% confidence
bounds) (1.495, 1.497)

alze = 83.11;%Coefficients (with 95% confidence
bounds) (83.03, 83.19)

alze = -17.35;%Coefficients (with 95% confidence
bounds) (=17.46, -17.24)

blze = 7.056;%Coefficients (with 95% confidence
bounds) (6.894, 7.217)

alze = -0.8165; %Coefficients (with 95% confidence
bounds) (-0.9859, -0.6471)

b2ze = 9.892; S$Coefficients (with 95% confidence
bounds) (9.787, 9.997)

al3ze = 0.05326; %Coefficients (with 95% confidence
bounds) (-0.0635, 0.17)

b3ze = 2.799;%Coefficients (with 95% confidence
bounds) (2.691, 2.908)

adze = -0.8515;%Coefficients (with 95% confidence
bounds) (-0.9561, -0.7468)

bdze = 0.5612;%Coefficients (with 95% confidence
bounds) (0.4565, 0.6659)

abze = -0.4952; %Coefficients (with 95% confidence
bounds) (-0.5999, -0.39006)

bS5ze = 0.3133;%Coefficients (with 95% confidence
bounds) (0.2086, 0.418)

abze = -0.1586; %Coefficients (with 95% confidence
bounds) (-0.264, -0.05320)

b6ze = 0.3581; %Coefficients (with 95% confidence
bounds) (0.2529, 0.4633)

alze = -0.1013; %Coefficients (with 95% confidence
bounds) (-0.2051, 0.002457)

b7ze = -0.05005; %Coefficients (with 95% confidence
bounds) (-0.1552, 0.05508)

a8ze = 0.13; %Coefficients (with 95% confidence
bounds) (0.02614, 0.2339)

b8ze = 0.03394; %Coefficients (with 95% confidence
bounds) (-0.07221, 0.1401)

wze = 1.495; %Coefficients (with 95% confidence

bounds) (1.494, 1.497)

$function only defined for time = 0 to 8.4 seconds
time=4.2;

fidelity=1e3;

t=linspace (0, time, fidelity) ';

$flipper tip egautions of motion
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xt = alx + alx*cos(t*wx) + blx*sin(t*wx) +

az2x*cos (2*t*wx) + b2x*sin(2*t*wx) + a3x*cos (3*t*wx) +
b3x*sin (3*t*wx) + adx*cos(4*t*wx) + bidx*sin(4*t*wx) +
abx*cos (5*t*wx) + bbx*sin(b*t*wx) + a6x*cos (6*t*wx) +
box*sin(6*t*wx) + a7x*cos(7*t*wx) + b7x*sin(7*t*wx) +
a8x*cos (8*t*wx) + b8x*sin(8*t*wx);

vt = aly + aly*cos(t*wy) + bly*sin(t*wy) +

azy*cos (2*t*wy) + b2y*sin(2*t*wy) + aldy*cos (3*t*wy) +
b3y*sin (3*t*wy) + ady*cos(4*t*wy) + bdy*sin(4*t*wy) +
aby*cos (5*t*wy) + bdOy*sin (5*t*wy) + aby*cos (6*t*wy) +
béy*sin (6*t*wy) + avy*cos(7*t*wy) + b7y*sin(7*t*wy) +
a8y*cos (8*t*wy) + b8y*sin (8*t*wy);

zt = alz + alz*cos(t*wz) + blz*sin(t*wz) +

azz*cos (2*t*wz) + b2z*sin(2*t*wz) + al3z*cos(3*t*wz) +
b3z*sin(3*t*wz) + adz*cos(4*t*wz) + bdz*sin(4*t*wz) +
abSz*cos (5*t*wz) + bbz*sin(5*t*wz) + a6z*cos(6*t*wz) +
boz*sin(6*t*wz) + a7z*cos(7*t*wz) + b7z*sin(7*t*wz) +
a8z*cos (8*t*wz) + b8z*sin(8*t*wz);

%elbow egautions of motion

xte = alxe + alxe*cos(t*wxe) + blxe*sin (t*wxe) +
azxe*cos (2*t*wxe) + b2xe*sin(2*t*wxe) + al3xe*cos (3*t*wxe)
+ b3xe*sin (3*t*wxe) + adxe*cos (4*t*wxe) +

bldxe*sin (4*t*wxe) + abxe*cos (b5*t*wxe) + bbxe*sin(5*t*wxe)
+ a6bxe*cos (6*t*wxe) + boxe*sin(6*t*wxe) +

a’lxe*cos (7*t*wxe) + b7xe*sin(7*t*wxe) + a8xe*cos (8*t*wxe)
+ b8xe*sin (8*t*wxe) ;

yte = alye + alye*cos(t*wye) + blye*sin(t*wye) +
azye*cos (2*t*wye) + b2ye*sin(2*t*wye) + al3ye*cos (3*t*wye)
+ b3ye*sin (3*t*wye) + adye*cos (4*t*wye) +

bdye*sin (4*t*wye) + abye*cos (5*t*wye) + bSye*sin(5*t*wye)
+ abye*cos (6*t*wye) + bb6ye*sin (6*t*wye) +

alye*cos (7*t*wye) + b7ye*sin(7*t*wye) + a8ye*cos (8*t*wye)
+ b8ye*sin (8*t*wye) ;

zte = alze + alze*cos(t*wze) + blze*sin(t*wze) +
al2ze*cos (2*t*wze) + b2ze*sin(2*t*wze) + al3ze*cos (3*t*wze)
+ b3ze*sin(3*t*wze) + adze*cos (4*t*wze) +

bdze*sin (4*t*wze) + abze*cos(5*t*wze) + bbze*sin(5*t*wze)
+ abze*cos (6*t*wze) + bb6ze*sin(6*t*wze) +

alze*cos (7*t*wze) + b7ze*sin(7*t*wze) + a8ze*cos (8*t*wze)
+ b8ze*sin (8*t*wze) ;

Forigin
0x=92.518247572;
Oy=305.148699736;
0z=27.556599226;
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splot flipper tip path
plot3(xt,yt,zt, 'LineWidth', 2)
axis square

axis equal

grid on
xlabel ("x(t) (mm) ")
ylabel ('y(t) (mm)")
zlabel ('z (t) (mm)"')
x1im([-150 3507])

]

m

]
ylim([-50 7007)
zlim ([0 4007])
hold on

splot elbow path
plot3(xte,yte,zte, 'LineWidth', 2)
axis square

axis equal

grid on

xlabel ("x(t) (mm)")
ylabel ('y(t) (mm)")
zlabel ('"z(t) (mm)")
title('turtle motion")

%screate point

[sX,sY,sZ] = sphere(10);

r=10;

surf (sX*r+0x, sY*r+0y, sZ*r+0z, 'FaceColor', [0.4660 0.6740
0.18801) ;

srun flipper animation
loops=5
timedelay=time/fidelity;
for loop=1:1loops

for s=1l:1length (xt)

p2=plot3([xt(s) xte(s)], [yt(s) yte(s)], [zt (s)
zte(s)],'g','LinewWidth',5);

pl=plot3 ([0Ox xte(s)], [Oy yte(s)], [0z
zte(s)],'g','LineWidth',5);

hl=surf (sX*r+xt(s),sY*r+yt(s),sz*r+zt(s), 'FaceColor', [0.4
660 0.6740 0.18801);

h2=surf (sX*r+xte(s),sY*r+yte(s),sz2*r+zte(s), 'FaceColor"', [
0.4660 0.6740 0.18807) ;

x1lim([-150 3507);

ylim([-50 7001);
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zlim ([0 4007]);
pause (timedelay) ;
delete (pl);
delete (p2);
delete (hl) ;
delete (h2);

end

end

Appendix B: Sea Turtles Employ Drag-Reducing Techniques to Conserve

Energy.

Supplementary Figure S2 3d printed sea turtle sections.
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Supplementary Figure S3 3D printed parts surface quality testing. a, testing parallel to flow

direction. b, testing perpendicular to flow direction.
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Supplementary Figure S5a Rigid mounted wings demonstrating excessive flow separation.
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Supplementary Figure S5b Passive mounted wings demonstrating flow attachment across low pressure side.
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Supplementary Figure S5¢ Rigid mounted wing demonstrating development of wing tip vortex.
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Supplementary Figure S5d Passive wing demonstrating no evidence of wingtip vortex formation.
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Supplementary Figure S6 a, computational domain. b, CFD results compared with fielding tests for a rigid mounted wing.
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Arduino code to control pully system.

/* Program: Variable Stepper Motor
#include <SoftwareSerial.h>
#include <math.h>

const int dirPin = 9;

const int stepPin = 8;

const int steps = 3200;

float rpm = 250.00;

int labview = 0;

char newData;

int microPause = 0;

int turns = 0;

float countSteps = 0;

float radious = 0.0225;

float RPMn = 0;

/[float RpmMax;

/[float coeff;

//Main Speeds

/[Flippers only

float RpmMax=450,coeff=1,;
/Ispeed 0.3 m/s @ 127.3rpm

//float RpmMax = 127.3, coeff = 2.52;
/Ispeed 0.45 m/s & 191rpm

/[float RpmMax = 191, coeff = 2.91;
//speed 0.6 m/s @ 254.6rpm

[/[float RpmMax = 254.6, coeff = 3.41;

/Ispeed 0.75 m/s @ 318.25rpm
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[//float RpmMax = 318.25, coeff = 4.2;

void setup()

{
pinMode(dirPin, OUTPUT);
pinMode(stepPin, OUTPUT);
Serial.begin(9600); //115200
/I Change Direction of Motor
digitalWrite(dirPin, LOW); // Away from us
/ldigitalWrite(dirPin, HIGH); // Towards us
/ISerial.printin("Input s to Turn Motor on, p to off, ¢ to cycle");
microPause = int(((1.8 / 4) * 60.0) / (rpm * 360.0) * 1000000);

}
void loop()

{
swimSpeed(); // Function to change the swimming speed of turtle via LABVIEW
motorSequence(); // Function to provide stepper motor with instructions

¥

void swimSpeed()

{
if (Serial.available())

{
labview = Serial.read();
if (labview =="1")
digitalWrite(dirPin, LOW);
if (labview =="0")
digitalWrite(dirPin, HIGH);
if (labview =="p’)

newData ='p';
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if (labview =="s")
newData ='s";
if (labview =="'r")
newData = 'r";
if (labview =="'c")
newData = 'c’;
if (labview == 'x')
{
long int num = Serial.parselnt();
switch (num)
{
case 1:
/IRpmMax = 63;
/lcoeff = 2.26;
RpmMax = 750;
coeff = 7.8;

break;

case 2:
RpmMax = 127.3;
coeff = 2.52;
break;

case 3:
RpmMax = 191;
coeff = 2.87;
break;

case 4:

RpmMax = 254.6;




coeff = 3.365;

break;
default:

/I statements

break;

}
}
if (labview =="y")
{
turns = 0;
countSteps = 0;
}
}
}
void motorSequence()
{
if (newData == "p")
{
//delay(1000);
turns = 0;
countSteps = 0;
}
if (newData =="'s")
{
/[Cuadratic
/IRPMn=(6*countSteps*countSteps)/(2*PI*radious);
/[Linear

RPMn = (60 * 0.8 * countSteps) / (2 * Pl * radious);
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if (RPMn > (RpmMax * coeff))
RPMn = RpmMax * coeff;
microPause = int(((1.8 / 4) * 60.0) / (RPMn * 360.0) * 1000000);
digitalWrite(stepPin, HIGH);
delayMicroseconds(microPause);
digitalWrite(stepPin, LOW);
delayMicroseconds(microPause);
countSteps = (countSteps + 0.001);
}
if (newData =='r")
{
digitalWrite(dirPin, HIGH);
for (int x = 0; X < steps; x++)
{
digitalWrite(stepPin, HIGH);
delayMicroseconds(microPause);
digitalWrite(stepPin, LOW);
delayMicroseconds(microPause);
}
turns++;
Serial.printIn(turns);
}
if (newData =="'c')
{ /ltwist phase
}
}

139



Arduino code to control load cells.

/* Program: Mutiple Load Cells 2.0

* Rewritten 06/2022 */

#include "HX711.h"

/IHX711 Global Constants (Circuit Wiring)
const int LOADCELL_DOUT _PIN = 3;
const int LOADCELL_SCK_PIN = 2;
const int scale2_DOUT = 11;

const int scale2_SCK = 10;

int labview = 0;

int resultCounter = 0;

HX711 scale, scale2;
void setup()
{
Serial.begin(9600);
scale.begin(LOADCELL_DOUT _PIN, LOADCELL_SCK_PIN);
scale2.begin(scale2_DOUT,scale2_SCK);
/I Calibrate the load cell using a known weight.
/I** DRAG FORCE LOADCELL **
float calibration = (41900)/(400); // Change calibration value here depending on environment
scale.set_scale(calibration);
scale.tare();
//101.345
/I Calibrate the load cell using a known weight. [approx: 42611 @300g]
/I** LIFT FORCE LOADCELL **

float calibration2 = (78478)/(700); //22366
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scale2.set_scale(calibration2);

scale2.tare();

/I Average of 5 readings from the ADC minus the tare weight, set with tare()
Serial.printIn("Setup Values: \t\t");

Serial.printIn(scale.get_value(5));

Serial.printIn(scale2.get_value(5));

Serial.printin("";

/I Average of 5 readings from the ADC minus tare weight, divided by the SCALE parameter set with

set_scale
Serial.printIn("Setup Units: \t\t");
Serial.printIn(scale.get_units(5), 1);
Serial.printIn(scale2.get_units(5), 1);
Serial.printin("";
Serial.printin("Load Cell Readings: ");
Serial.printIn("Reading Num, Load Cell 1, Load Cell 2");

}
void loop()

{
if(Serial.available())
{
labview = Serial.read();
if(labview =="1")
{
resultCounter++;
Serial.print(resultCounter); //Number of Results
Serial.print(", ");
Serial.print(scale.get_units(2), 2); // Takes the Average of 2 readings

Serial.print(", ");
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Serial.printIn(scale2.get_units(2), 2); // Takes the Average of 2 readings
}
if(labview =="0")
{
}
}
}

Arduino code to calibrate load cells.
/I Program: Load Cell Calibraiton

#include "HX711.h"

/I HX711 circuit wiring

const int LOADCELL_DOUT _PIN = 3;

const int LOADCELL_SCK_PIN = 2;

const int scale2_DOUT = 11;

const int scale2_SCK = 10;

HX711 scale, scale2;

void setup()

{
Serial.begin(57600);
scale.begin(LOADCELL_DOUT _PIN, LOADCELL_SCK_PIN);
scale2.begin(scale2_DOUT, scale2_SCK);

}
void loop()

{
scale.set_scale();
scale2.set_scale();
Serial.printIn("You have 4 seconds to empty the scale");

delay(4000);
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scale.tare();

scale2.tare();

Serial.printIn("Now you have 6 seconds to place a known weight on the scale™);
delay(6000);

long reading = scale.get_units(10);

long reading2 = scale2.get_units(10);

Serial.printIn("Result: ");

Serial.printIn(reading);

Serial.printIn(reading2);

Serial.printIn("Calibration Factor = (reading)/(known weight)™);
Serial.printin("™);

delay(1000);
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Appendix C: Soft-robotic Green sea turtle (Chelonia mydas)
developed to replace animal experimentation provides new insight

into their propulsive strategies.

Supplementary figure S7 Sea turtle robot chassis.

(a) Rendered CAD model of final robot design (b) 3D printed sections (c) Bonding of each
section to form complete chassis. (d) Painting of chassis. (e) Access hatch locations to access
electrical components. (f) Assembly of 3D printed limb onto chassis.
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Supplementary figure S8 Soft robotic flipper design

(a) Three different green sea turtle flipper geometries showing leading edge claw and trailing
edge serrations. It can be observed that each flipper has a slightly different shape.
Additionally, the image on the right shows the final geometry and cross-section profile that
was derived for the robot. (b) Design iterations starting from the top left image showing the
first design iteration. The larger geometries shown below are the final iteration, with the left
image showing the typical mesh used for FEA simulations

Cambered cross
section

Shore A70

Shore A60

Shore A40
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Supplementary figure S9 Flipper manufacturing

(a) Split mould assembly showing flipper tip and carbon fibre spar installed ready for casting
(b) Casting levels for each compound. (c) Pair of newly manufactured flippers. At the trailing
edge, the material has lifted slightly above the desired level due to capillary effects.

Supplementary figure S10 Fatigue test machine

(a) Fatigue testing machine showing flipper in position (b) Controller showing cycle counter.
(c) max cycle count of 922,154 cycles. (d) Showing twisting motion after 922,154 cycles and
small trailing edge failure. (e) Close up of the trailing edge failure.

a

Adhesive
failure at
trailing edge

O aauHHHHHHQQEmH

146



Supplementary figure S11 Test rig setup

(a) Robot swimming past markers on a linear rail for obtaining swim speed data, followed by
a camera on a linear rail running parallel with robot swim path (b) (1) Test rig setup for
constrained operation (2) test rig setup for towing operation. (c) Pulley assembly. (d)
Complete test rig assembly

Distance
markers

c Rigid mounted

NEMA 23
stepper motor
mounted onto
2040 linear rail
with v roller
bearings

V roller bearings
on pulley carriage

bl

Horizontal
20kg load cell

Vertical 40kg
load cell

Extra pulley
to constrain

b2

Horizontal
20kg load cell

Vertical 40kg
load cell
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Supplementary figure S12 data from towing tests

(a) The thrust produced by the turtle during tow testing (b) Swim speed data from tow test
with an initial velocity of 0.6 m/s. (c) Drag produced by the turtle. The blue line represents
the hydrodynamic drag force created by the turtle itself. The orange line shows the
hydrodynamic drag forces with the addition of the friction forces from the test rig linear rail
assembly. (d) Data plot showing friction produced by linear rail assembly. Test produced
without the robot attached (e) Drag produced by towing robot at 0.45 m/s. Plot includes
friction from linear rail assembly. Test produced with robot limbs held stationary.
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Supplementary figure S13 Simplified hardware schematic for turtle controller

Contains Particle Photon MCU, power regulator for MCU, servo signal and power headers
with brownout protection.

WIFI

Buck 5V -
@/c ’\/ Converter Particle

5V out Photon

Brownout
Protection

Supplementary figure S14 Test rig eletrical system

(a) Electrical system block diagram. (b) Electrical system test rig workstation setup, where 1
is the motor control system, 2 data acquisition system, 3 stepper motor and pulley assembly,
4 load cell assembly (drag). (c) Electrical system GUI.

a ‘ Motor control W 3 | Stepper motor and pulley 1

system assembly
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LabView
GUI
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Supplementary figure S15 CFD results showing pressure contour plots on the robot with a
focus around the robotic limb area
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Code to control robot turtle
#define LEFT true

#define RIGHT false

#define LEFT_SIGN -1

#define RIGHT_SIGN 1

#define ROLL_SIGN -1

#define STATE_MOVING 0

#define STATE_STOPPED 1

#define STATE_RESET 2

#define STATE_CALIBRATE 3

#define STATE_ZERO 4

#define STATE_BRAKE 5

#define STATE_ROLL_MOUNT 6

#define STATE_LOW _DRAG_17

#define STATE_LOW_DRAG_2 8

#define CMD_MOVING "on"

#define CMD_STOPPED "off"

#define CMD_RESET "reset"

#define CMD_CALIBRATE "calibrate"
#define CMD_ZERO "zero"

#define CMD_BRAKE "brake"

#define CMD_ROLL_MOUNT "roll_mount"
#define CMD_LOW_DRAG_1 "low_drag_1"
#define CMD_LOW_DRAG_2 "low_drag_2"
#define SERVO_ROLL 0

#define SERVO_YAW 1

#define SERVO_PITCH 2
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#define MAX_SERVO_ANGLE 80

#define MIN_SERVO_ANGLE -80

#define ROLL_MOUNT_SERVO_ANGLE -64.6
#define PITCH_BRAKE_ANGLE 70

#define SIZE_OF_SEQUENCE 86

#define INCREMENTS 10

/ITX, WKP, A4, D2, DO, D1

/N1, 2,3, 4,5, 6

11 function dec /T EEEEEEEEEEL LD O

int my_map(float value, int fromStart, int fromEnd, int toStart, int toEnd);
void setServoPosition(float angle,bool left,int joint);

float interpolateServoAngle(float high_val, float low_val,int inc, int max_inc);
void updatePosition();

int startStopRobot(String command);

int updateFrequency(String command);

{1 photon onboard led /T T
int led_board = D7;

int led_state=0;

[ artle seq /T T T

/I postive right, needs negative sign for left flipper

float roll[]={-66.25,-64.54,-61.66,-57.87,-53.58,-49.22,-45.19,-41.74,-39.02,-36.97,-35.43,-34.16,-
32.94,-31.57,-29.93,-28.00,-25.82,-23.45,-20.98,-18.49,-16.01,-13.56,-11.15,-8.77,-6.41,-4.06,-
1.70,0.72,3.25,5.99,9.00,12.35,16.07,20.13,24.44,28.90,33.36,37.70,41.83,45.68,49.27,52.61,55.72,58
.65,61.37,63.85,66.06,67.94,69.45,70.60,71.39,71.87,72.06,71.95,71.51,70.67,69.31,67.34,64.70,61.3
6,57.35,52.73,47.59,41.99,35.95,29.47,22.50,15.03,7.07,-1.27,-9.77,-18.13,-26.01,-33.08,-39.10,-

43.99,-47.81,-50.78,-53.20,-55.40,-57.62,-59.93,-62.28,-64.42,-66.01,-66.71};
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float
pitch[]={0.00,4.40,8.79,13.19,17.59,21.98,26.38,30.78,35.18,35.00,35.00,35.00,35.00,35.00,35.00,35.
00,35.00,35.00,35.00,35.00,35.00,35.00,35.00,35.00,35.00,35.00,35.00,35.00,35.00,35.00,35.00,35.00
,35.00,35.00,35.00,35.00,35.00,35.00,35.00,35.00,35.00,35.00,35.00,35.00,35.00,35.00,35.00,31.39,2
7.00,22.60,18.20,13.81,9.41,5.01,0.62,-9.70,-20.99,-32.28,-43.56,-54.85,-66.13,-72.00,-72.00,-72.00,-
72.00,-72.00,-72.00,-72.00,-72.00,-72.00,-72.00,-72.00,-72.00,-73.47,-67.82,-62.17,-56.51,-50.86,-
45.21,-39.56,-33.91,-28.26,-22.61,-16.95,-11.30,-5.65};

float yaw[]={-36.76,-38.18,-39.08,-39.55,-39.65,-39.45,-38.95,-38.15,-37.05,-35.64,-33.93,-31.99, -
29.89,-27.73,-25.62,-23.63,-21.80,-20.16,-18.66,-17.27,-15.91,-14.56,-13.16,-11.72,-10.23,-8.70,-
7.14,-5.54,-3.90,-2.20,-
0.42,1.44,3.37,5.34,7.28,9.14,10.89,12.47,13.89,15.15,16.28,17.32,18.30,19.26,20.21,21.17,22.14,23.
15,24.21,25.33,26.51,27.76,29.05,30.33,31.56,32.66,33.55,34.20,34.56,34.64,34.45,34.03,33.39,32.56
,31.55,30.35,28.92,27.26,25.34,23.16,20.73,18.06,15.17,12.07,8.73,5.15,1.30,-2.82,-7.17,-11.70,-
16.27,-20.76,-24.98,-28.79,-32.06,-34.71};

11 servo config /T T T T T T
Servo left_servos[3];

Servo right_servos[3];

int left_servo_pins[]={TX,WKP,A4};

int right_servo_pins[]={D2,D0,D1};

int left_servo_min_us[]={800,800,800};

int right_servo_min_us[]={800,800,800};

int left_servo_max_us[]={2200,2200,2200};

int right_servo_max_us[]={2200,2200,2200};

11 state control params ///IIHTHHHTHHHIHTIHIEEEEEEEEEEEEEEEEEEEEEEEEEE LT DT T
int move_counter=0;

int calibrate_counter=0;

int robot_state=STATE_STOPPED;

float robot_interval=50;

float robot_interval_buf=50;
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int state_update=0;

int freq_update=0;

float move_increment_counter=0;

float current_position_left[]={roll[0],yaw][0],pitch[0]};

float current_position_right[]={roll[0],yaw[0],pitch[0]};

/I cal angles

float zero_angles[]={0,0,0};

float cal_roll_pos_angles[]={60,0,0};
float cal_roll_neg_angles[]={-60,0,0};
float cal_yaw_pos_angles[]={0,35,0};
float cal_yaw neg_angles[]={0,-35,0};
float cal_pitch_pos_angles[]={0,0,60};

float cal_pitch_neg_angles[]={0,0,-60};

/llow drag positions

float Idr_1_pos_final={0,-35,0};

float Idr_2_pos_int={61.6,0,0};

float Idr_2_pos_final={61.6,-34,0};

Il position seq timer /T

Timer timer(robot_interval/(float)INCREMENTS, updatePosition);

void moveWingsFromCurrentToSet(float new_angles_left[],float new_angles_right[],float steps,int

delay_time){
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float inc_|_roll=(new_angles_leftfSERVO_ROLL]-
current_position_leftf[SERVO_ROLL])/steps;

float inc_|_pitch=(new_angles_leftfSERVO_PITCH]-
current_position_leftfSERVO_PITCH])/steps;

float inc_I_yaw=(new_angles_left{fSERVO_YAW]-
current_position_leftf[SERVO_YAW])/steps;

float inc_r_roll=(new_angles_rightf]SERVO_ROLL]-
current_position_rightfSERVO_ROLL])/steps;

float inc_r_pitch=(new_angles_rightfSERVO_PITCH]-
current_position_right[SERVO_PITCH])/steps;

float inc_r_yaw=(new_angles_right{SERVO_YAW]-
current_position_right[SERVO_YAW])/steps;

for(int step=0; step<steps; step++){
setServoPosition(current_position_leftfSERVO_ROLL]+inc_|_roll,LEFT,SERVO_ROLL);
setServoPosition(current_position_leftfSERVO_PITCH]+inc_|_pitch,LEFT,SERVO_PITCH);
setServoPosition(current_position_leftfSERVO_YAW]+inc_|_yaw,LEFT,SERVO_YAW);
setServoPosition(current_position_rightfSERVO_ROLL]+inc_r_roll,RIGHT,SERVO_ROLL);

etServoPosition(current_position_rightfSERVO_PITCH]+inc_r_pitch,RIGHT,SERVO_PITCH);
setServoPosition(current_position_right[SERVO_YAW]+inc_r_yaw,RIGHT,SERVO_YAW);

delay(delay_time);

¥
I setup T T T

void setup()

{

/I servo setup

Serial.end();

155



Seriall.end();
pinMode(TX, OUTPUT);
for(int i=0;i<3;i++){
if(i==SERVO_ROLL)
left_servos]i].attach(left_servo_pins[i],500,20000);
else
left_servos]i].attach(left_servo_pins[i]);

right_servos][i].attach(right_servo_pins[i]);

I/ particle func setup
Particle.function("updateFrequency",updateFrequency);
Particle.function("startStopRobot" startStopRobot);

/1 util setup
pinMode(led_board, OUTPUT);
digitalWrite(led_board, LOW);
timer.start();
}
1 onain loop ML LT LT L T
void loop()
{
if(state_update){
state_update=0;
if (robot_state==STATE_MOVING) {
if ('timer.isActive())
timer. STATE_RESET();
}else if (robot_state==STATE_STOPPED) {
if (timer.isActive())

timer.stop();
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Yelse if (robot_state==STATE_RESET) {
if (timer.isActive())
timer.stop();
move_counter=0;
calibrate_counter=0;
move_increment_counter=0;
robot_interval=50;
robot_interval_buf=50;
float new_angles[]={roll[0],yaw[0],pitch[0]};
moveWingsFromCurrentToSet(new_angles,new_angles,400,5);
robot_state=STATE_STOPPED;
state_update=0;
freg_update=0;
}else if (robot_state==STATE_ZERO) {
if (timer.isActive())
timer.stop();
move_counter=0;
calibrate_counter=0;
move_increment_counter=0;
float new_angles[]={0,0,0};
moveWingsFromCurrentToSet(new_angles,new_angles,400,5) ;
robot_state=STATE_STOPPED;
Yelse if (robot_state==STATE_BRAKE) {
if (timer.isActive())
timer.stop();
move_counter=0;
calibrate_counter=0;

move_increment_counter=0;
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float new_angles[]={0,0,PITCH_BRAKE_ANGLE};
moveWingsFromCurrentToSet(new_angles,new_angles,400,5);
robot_state=STATE_STOPPED;
}else if (robot_state==STATE_ROLL_MOUNT) {
if (timer.isActive())
timer.stop();
move_counter=0;
calibrate_counter=0;
move_increment_counter=0;
float new_angles[]={ROLL_MOUNT_SERVO_ANGLE,0,0};
moveWingsFromCurrentToSet(zero_angles,zero_angles,400,5);
moveWingsFromCurrentToSet(new_angles,new_angles,400,5);
robot_state=STATE_STOPPED;
}else if (robot_state==STATE _LOW_DRAG 1){
if (timer.isActive())
timer.stop();
move_counter=0;
calibrate_counter=0;
move_increment_counter=0;
moveWingsFromCurrentToSet(zero_angles,zero_angles,400,5);
moveWingsFromCurrentToSet(ldr_1 pos_final,Idr_1 pos_final,400,5);
robot_state=STATE_STOPPED;
}else if (robot_state==STATE_LOW_DRAG_2) {
if (timer.isActive())
timer.stop();
move_counter=0;
calibrate_counter=0;

move_increment_counter=0;
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moveWingsFromCurrentToSet(zero_angles,zero_angles,400,5);
moveWingsFromCurrentToSet(ldr_2_pos_int,Idr_2_pos_int,400,5);

moveWingsFromCurrentToSet(Idr_2_pos_final,Idr_2_pos_final,400,5);

robot_state=STATE_STOPPED;
}else if (robot_state==STATE_CALIBRATE) {
if ('timer.isActive())

timer.STATE_RESET();

calibrate_counter+=1;
moveWingsFromCurrentToSet(zero_angles,zero_angles,400,5);
moveWingsFromCurrentToSet(cal_roll_pos_angles,cal_roll_pos_angles,400,5);
moveWingsFromCurrentToSet(cal_roll_neg_angles,cal_roll_neg_angles,400,5);
moveWingsFromCurrentToSet(zero_angles,zero_angles,400,5);
moveWingsFromCurrentToSet(cal_yaw_pos_angles,cal_yaw_pos_angles,400,5);
moveWingsFromCurrentToSet(cal_yaw_neg_angles,cal_yaw_neg_angles,400,5);
moveWingsFromCurrentToSet(zero_angles,zero_angles,400,5);
moveWingsFromCurrentToSet(cal_pitch_pos_angles,cal_pitch_pos_angles,400,5);
moveWingsFromCurrentToSet(cal_pitch_neg_angles,cal_pitch_neg_angles,400,5);
moveWingsFromCurrentToSet(zero_angles,zero_angles,400,5);

robot_state=STATE_STOPPED;

}
}
if(freq_update){
freg_update=0;
robot_interval=robot_interval _buf;

timer.changePeriod(robot_interval/(float)INCREMENTS);
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¥

¥
11 state & control methods /11T T

int startStopRobot(String command) {
state_update=1,;
if (command==CMD_MOVING) {
robot_state=STATE_MOVING;
}else if (command==CMD_STOPPED) {
robot_state=STATE_STOPPED;
Yelse if (command==CMD_RESET) {
robot_state=STATE_RESET;
}else if (command==CMD_CALIBRATE) {
robot_state=STATE_CALIBRATE;
}else if (command==CMD_ZERO) {
robot_state=STATE_ZERO;
}else if (command==CMD_BRAKE) {
robot_state=STATE_BRAKE;
Yelse if (command==CMD_ROLL_MOUNT) {
robot_state=STATE_ROLL_MOUNT;
}else if (command==CMD_LOW_DRAG_1){
robot_state=STATE_LOW_DRAG 1,
Yelse if (command==CMD_LOW_DRAG _2) {
robot_state=STATE_LOW_DRAG _2;
Jelse{
state_update=0;

return -1;

return robot_state;
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}

int updateFrequency(String command) {
/Iput in bounds
robot_interval_buf=command.toFloat();
freq_update=1;
return 42;
}
11 servo methods /T EEEEEEEEE L LT LT
void setServoPosition(float angle,bool left,int joint){
if (robot_state!=STATE_STOPPED){
int max_us,min_us=0;
int sign=0;
if(left){
max_us=(int)left_servo_max_us[joint];
min_us=(int)left_servo_min_us[joint];
sign=LEFT_SIGN;
current_position_left[joint]=angle;
Yelse{
max_us=(int)right_servo_max_us[joint];
min_us=(int)right_servo_min_us[joint];
sign=RIGHT_SIGN;

current_position_right[joint]=angle;

if(joint==SERVO_ROLL){

sign=sign*ROLL_SIGN;
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int val = (int)my_map(angle*sign, MIN_SERVO_ANGLE, MAX_SERVO_ANGLE,

min_us, max_us);
if(left && joint==SERVO_ROLL)
left_servos[SERVO_ROLL].writeMicroseconds(20000-val);
else if(left)
left_servos[joint].writeMicroseconds(val);
else

right_servos[joint].writeMicroseconds(val);

}

float interpolateServoAngle(float high_val, float low_val,int inc, int max_inc){
float angle_delta=(high_val- low_val)*(inc/max_inc);
float angle=(angle_delta*inc) + low_val;
return angle;
}
/[ timer function to control sequence
void updatePosition(){
if(robot_state==STATE_MOVING){
int low_index=move_counter;
int high_index=move_counter+1;
if(high_index>=SIZE_OF_SEQUENCE)
high_index=0;

/I float roll_angle_delta=(roll[high_index]-
roll[low_index])*(increment_counter/INCREMENTS);

// float roll_angle=(roll_angle_delta*increment_counter) + roll[low_index];

float roll_angle=interpolateServoAngle(roll[high_index],

roll[low_index],move_increment_counter, INCREMENTS);
setServoPosition(roll_angle,LEFT,SERVO_ROLL);

setServoPosition(roll_angle,RIGHT,SERVO_ROLL);
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float pitch_angle=interpolateServoAngle(pitch[high_index],
pitch[low_index],move_increment_counter, INCREMENTYS);

setServoPosition(pitch_angle,LEFT,SERVO_PITCH);
setServoPosition(pitch_angle,RIGHT,SERVO_PITCH);

float yaw_angle=interpolateServoAngle(yaw[high_index],

yaw[low_index],move_increment_counter, INCREMENTYS);
setServoPosition(yaw_angle,LEFT,SERVO_YAW);
setServoPosition(yaw_angle,RIGHT,SERVO_YAW);
move_increment_counter+=1;

if(move_increment_counter>=INCREMENTS){
move_counter++;
move_increment_counter=0;

}

if(move_counter>=SIZE_OF _SEQUENCE)
move_counter=0;

}

¥
1util methods /LT T T T T T

int my_map(float value, int fromStart, int fromEnd, int toStart, int toEnd)

{

if (fromEnd == fromStart) {

return value;

¥

return ((value - fromStart) * (toEnd - toStart) / (fromEnd - fromStart)) + toStart;
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Appendix D: New insights into sea turtle propulsion methods and cost
of transport point to the effectiveness of the animal's swimming

technique.

Supplementary Figure S16 CFD computational domains

(a) ke rotational domain for downstroke simulations. (b) ke domain for simulating flow over
the rear flippers

Supplementary Figure S17 free body diagram of the twisted turtle flipper illustrating Dorsal

and ventral sides

I
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Supplementary Figure S18 AOA values at various points along the turtle's flipper, L

represents the complete wing span (flipper tip position)

50 Angle of Attack during DS and SS

< ———

45 - Downstroke

Sweep stroke

—8—L
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—%—04L
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Appendix E: Research Permit

Marine Parks £ =t~ o
PERMIT
Sreat Bamier Res? Marine Park Repgulaiions 2015 (Commonweakh) G2'1 .|r45537.1

Marine Farks Reguladon 2017 (Quesrsland)

CORE MATTERS

Thess pemissdons remain in foroe, unless sooner
surrEncensd of revoked for e following perioc:

26-MAY-2021 7o J0-JUN-2022
Pemmilzsion 15 grambed io:

reRmHonER:  Or Lorenzo GARCIA
School of Engineering, Computer and Mathematical Science

ADOREDE: Auckland University of Technology
3 Symonds Street
AUCKLAND 1010 NEW FEALAND

for wse of and entry fo zones in the Amalgamated Great Barmier Reef Marine Park Section (as established by the
Grest Bamsr Reef Manne Park Act 19735 (Cth)) and the Great Barrier Reef Coast Marine Park (a5 established by
the Marime Parks Acf 2004 (Qld)) in accordance with the details set out herein.

ol

S f
B A nee 25-May-2021 H‘#L : pae 26:-May-2021_

Del=gaie for the Delegaie for the Chief Exmscudvwe of the

Ereat Bamer Ree? Warine Park Auihodky Deparment of Emvironment and Soence

THE PURPOSE!S OF USE AND ENTRY MAY ONLY BE UNDERTAKEN IN THE ZONE!S AND
LOCATION'S DESCRIBED BELOW.

ZONES AND LOCATION!S TO WHICH THE PERMISSION APPLIES

= GEMERAL USE ZOME - Lady Musgrave Reef (23-082a)

= HABITAT PROTECTION Z0MES — Boult Reef (23-079), Lady Musgrave |sland Reef (23-082) Habitat
Protection Zone; Lamnont Rieef (23-078) and Fitzroy Reef (23-077) Habitat Protection Zone; Lady Ellict Reef
{18-050); and Lady Musgrave Resf (23-082a).

. COMNSERVATION PARE ZONES — Fitzroy and Litle Fitzroy Islands Conservation Park Zone; and Heron Reef
(23-052a).

. SCIENTIFIC RESEARCH Z0OME — Heron Island Reef east (Z3-052) Scientific Research Zone: and One Tree
ksland Reef (Z3-055) Scientific Research Jone.

0 MARIME MATIOMAL PARK ZONES — Wistari Reef (23-053), Heron Island Reef (23-052) and inter-resfal
areas adjacent to One Tree Island Marine National Park Zone: Lady Blict Island Reef (24-008) Marine
Mafional Park Zone; Liewellyn Reef (234073), Hoskyn Resf (23-080), Fairfax Reef (23-081) and northem Side
of Lady Musgrawe Reef (23-082) Marine Mational Park Zone.

. COMMONAEALTH ISLAND Z0NE — Lady Bt Island (24-008) and Little Fiizroy [sland (18-055a).

PURPOSES OF USE AND ENTRY AUTHORISED BY THE PERMISSION:

CONDUCT OF A RESEARCH PROGRAM - Hinematics analysis of sea turiles.
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CONDITIONS OF PERMISSIONS

COMPLIANCE WITH ALL LAWS

All activiies conducted under this pemission must be underaken in accordance with the provisions of the
laws in force from Gme to ime in the State of Gueensland and the Commonesakh of Australia.

To the extent applicable and unless written endorsement to the contrary appears in this permit, the Permit

Heolder must:

(i}  ocomplywith the enforcement provisions contained in Part 2 of the Plans of Managerment gazetted
under Part VB of the Great Bamier Reef Marine Park Act 1973; and

{i}  may only cperate 1o an interiidal area adjacent to a location within the Planning Areas with access
consistent with that provided in the Plans of Management for that adjacent kecation.

The Permit Holder must ensure:

(i)  the Restricted Access Special Management Areas are mot used or entered at any time unless
otherwise permitied in the core matters; and

(i} the Martime Culural Heritage Special Management Areas are only wsed or entered for the purpose of
transifing: and

(i)  all other Special Management Areas are used and entered in accordance with the restrictions
speciied in the Great Bamier Resf Marine Park Regulations 2012 and the Great Barrier Reef Marine
Park Zoning Plan 2003

The Pemnit Hobder must ensure that when operations are conducted in the Marine Parks under this permit, a
copy of this permit is held at the site or sites of operation and on the vessel or aircraft or ship during transit o
and from that site or sites_

The Pemnit Hobder must inform staff and paricipants in the program of relevant restricions apphying under any
zoning plans, plans of management, Marine Parks regulations and this pemit.

RESEARCH PROGRAM CONDITIONS

i]

This permit allews for the use of small, passive iterns that support data collection, provided they are camied
conlinususly on a person's body of are attended al all times.

This permit allows for the use of small non-fixed still and video cameras, which must be atiended at all times.

This permit allews for the use of an undersater remctely operated wehicle (no larger than 5 kg including
equipment), which must be operated in accondance with the fiollowing:
{i} units: must not approach closer than:
(a) 5 rmetre radius from marine turdes;
(o) 30 mefre adus from crocodiles;
(c) 30 mefre radius from dugongs: and
(d) 75 mefre radius from seabirds; and
(i}  units must be cperated by appropriately trained persons only.

REPORTING AND NOTIFICATION CONDITIONS

]

10

¥When undertaking research in the vicinity of those locations lsted below, the Permit Holder must
discuss the study sites with the appropriate person as specified, and abide by resulking guidelines for

location of the manipulative work:
LA 1N AFFHUEHIALE FERSDN
Heron Island Station Manager of Heron ksland Riesearch Station
Wistan Resf Station Manager of Heron ksland Ressarch Station
One Tree ksland Resident Cficer of One Tree Island Research Station

The Pamnit Hobder must ensure that all vessels wsed in connection with the activiies permitted hersin ans
clearly marked "Research Vessel® while being used for those activities.
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12

13

The Pemmnit Holder must submit a Marine Wildife Stranding and Mortality Report (Attachment A) to the

Great Barrier Reef Marine Park Authority within 72 hours if 3 protected species is injured or kiled during

the conduct of this research program. f a proiecied species is injured or killed, the Permnit Holder must

ensure that:

(i}  alluseof the eguiprment that injured or killed the protected species ceases;

(i} anassessmentis made of the cause of the inadent

(i)  review measures are mplemented to minimise the risks identified; and

(iw) the activity does not resume without the writien permission of the Great Bamrier Reef Marine Park
Authority.

The Pemnit Hobder must ensure that all equipment placed in the Marnine Parks in connection with this permit
is diearly marked with the name of the Permit Helder and permit number condition G21/45637.1 and
remowed from the Marine Parks prior to the expiry of the permit.

The Pernit Hobder must submit a research report anmueally from the date of issue of the permit and at

any other ime within 21 days of request. Report submission must be done through the Great Barrier
Rizef Marine Park Authorty's Pesmits Online Portal, unless otherwise approved.
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INTERPRETATION AMD DEFINITIONS

INTERPRETATICH

This permk exterds o all emplcyees of the Permit Holder, or
D2 P2TI0NS, WD ane acting on behalf of, o ot T direcdon o,
the Fermit Holder for the purposes speciiied in this permE.

This pemk I3 notinfended 1o extingulsh any nathve Tt

A lorw shall be taken 1o be a law In fonce In the Bimie of
Guesnsland rotwtsiandng that & applles 1o only part of the
Crate,

A word or phrase I this pamk Fkas e same meaning as the
word or phrase has In the Greatf Sxmier Feef Madse Park Aot
TR7E (T, the Great Bamier Reed Marne Park Regulabiors 2013
[Cth), the kMarire Parks Act 2004 {Qid), the Marine Paris
Regalation 2017 [Qid), Zoning Plars or Flans of Manspement,
urless the comrary inbendlon appears.

A rote or headng may be used io give assistance In Imiempneting
condidons In case of amblgulty.

A reference o 8 date inchades Sk deie.

DEFINITIONS

‘approprately rained parson” means any Serson tralned In
srcorance whin best-pracics techniguss and methods covensd
Iri a current Animal Efilcs Apoeoal.

‘attamded ot all imes’ messs the Pemit Holder must acivety
moriior the eguipmert nduding kessping It within sight) and
remain doss anough o e able o take control of | within 2 few
minuiss.

‘Boult Real {23-07%], Lady Musgrave leland Resf (23082}
Habitat Proteciion Zons' means that area dened a5 HP-23-
5355 In Rarmi 2,343 of Schedule 1 fo the Great Bamier Reel
Marine Park Zoning Flan 2003 (C3) and the Inkeriddal arsa
adacent by HP-23-5366.

Fizroy and LiHs Fitzroy lclande Concarvation Park Zoms'
mears that sres defiresd as CP-18~34035 In Rem 3.36 of Bohedule
1 1o e Grest Sarier Resf Marse= Park Zonlng Plan 2003 {Cth)
and e Interidal ares sdjacent io CP-16~4035.

‘Haron lelend Reef sacd [23-052} Solentific Recsarch Zona'
means that sres defiresd as 8R-Z3-2009 In kem 5.09 of Bdnedule
1 1o e Great Samier Resf Manne Fark Zonlng Plan 2003 {Cih]
and e Ineridal ares adjacent io BR-Z3-2009,

‘incidand means an svent Irvoking acusl or poisrdal Fare o

he scosysiem, includieg ut not limited 1o

(@ coral demage; or

(b & cyclons; o

[ch &y shipping event that reguires robification 1o a relevant
sdhoty under the Guesnsiand Manne Act 1952 or the
Mandgation sct 2012 or

[di =y alrcraft event thet reguires noificaton to the relesant
Authartty under the Sl Asdation At 1588; or

[e} &my dschange of more e five (S) lres. of unresisd
SEwEDE aMuEnT of

[l &y dschange of more S five (S) res. of hazardous
chemicals, fss or blohsdc prodacts.

"Lady Elliot lcland Raaf (24-D0E) Marina Naticnal Park Zone"
means thal sres defined 25 MNFZ-23-1163 In Hem 2,343 of
Echedule 1 1o the Great Barier Rzsef Manne Fark Zoning Plan
2003 {Cih) and Tee Imerildal srea sdacentio MMPZ-23-1 168300

"Lamiond Resf (23-078) and Fitzroy Reaf {23-077) Habltat
Protsction Zons' means that ansa deflned as H=-23-5354 In
Hem 2344 of Echedule 1 W0 e Great SBamer Reef Marr= Park
Zonlng Flam 2003 (Cth) and the Imierilcsl ares scjacent in HP-
23-5364.

"Liswallyn Resf (23073}, Hockyn Resf [23-080], Fairfax Resl
{23281} ared northem clds of Lady Mucgravs Resd (22082}
Marins Hatlonal Park Zone' means that srea deined &5
MMFZ-23-116E In Ibem E.156 of Echedule 1 10 e Great Sarier
Resf Marhe Park Zoring Plan 2003 (C5) ard the interddal
area adacent o MMPZ-23-1188.

Tooation’ mesrs & dscrehe, kanifled resf, or 8 contiruous ron-
re=f ares of up to 90 squans kdiometnes,

Harine Parks’ mzans

[a) e GreatSamier Reef Marre Fark esiablished by the Sread
Eamier Reaf anne Park Aot TE75 (TH); and

(o} e Great Samier Reef Coast Marine Fark esiablised
pursuarnt to e Manne Parks Ao 2004 (G

"Warine Parks regulatons’ means:

(a} Inrelsdon 1o e Great Samier Reef Marm= Park, e Great
Bamier Rzef Marme Park Regpulations 2019 (S and

(b} Inreladon 1o e Great Samier Reef Coas: Marne Fark, the
Marne Parks Regalation 2017 {&id).

‘Ona Tres lcland Reel (23066) Bolentdfic Recaanch Zons"
mears that ansa defiresd as BR-Z3-2010 In Fem 5.10 of Bdhedule
1 1o e Great Sarier Feef Marnse Fark Zonlng Plan 2003 {Cth)
and e Inferidal ares adjacent io BR-Z3-2010.
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‘panmilt’ means e pemissions e pubfect of Parmit Mumbsr
G2AE5E3T.1 granted 1o T Pemikt Holder pursuant 1o the Sreat
Barrier Reed Marine Park Regulabions 2015 {Cth) and e Marine
FParks Regulation 2017 (&idk

‘par yaar' mears each 12 month pericd stariing from the
ommeEncemeEn: dabe of the pemi.

wrotectsd cpealas’ means any Indidcual rom ary specles Sat

mesx one of the Tollowing criera:

[a} Iz & Bsied reatered spedes, & lkisd migraiory species or &
listed marine species under e Enwnonmend Protecion and
Eipdbersity Consanation Act 1990 [Cthl

(o} Is prescriced as endanpered, vulrerable, near-threaiened or
l=ass comcem under the Mxdure Consenagon Ach TREZ of
Quesrsland;

{c)l Is meentored In Becdon 30 Probecied speclkes iable of the
Great Barrier Reef Marne Park Regulatiorss 2015 {Cih or

[dy s from the genus Epinspfelus [cods and groupers. oiher
fTran E. fukuly or E. Ianceciaius) and |5 more than 1000
mrillirrestres i lengi

‘Rismiotely optiabed wehichs [ROV)' mesrs & vessel, alnoraflor
oier wehicle which Is direcily conirolled by a Fuman operaior who
ks not located in or on the vehicle; may or may not b physically
onnecied 1o the cperator by & cable or bether, most commonily
used fo refer o undenyater vehices, but also includes nemotely
pllooed alrcraft

‘elbe” means an area of 3,000 square meires within a kecatlon.

‘aniall, passiva Ibems’ means bams of T followlng undenweiesr
sioies and pencills, s |0 cards, walches amd Hmers, glotal
posHonlng devices, data loggers (which ane not grester tharn S00
millmaTes In Felr lnges: dimension), sensors that do not emit
significant elecrical signals, sound, or Bght Into the ervdrorment
[e.p. secchl discs, digital Femmometers, Bght melers and pH,
dssotved oiypen and salinty meters), integrated transponder tag
resgers, rarsect apes, quadnsts, portable hydeopRones,
iwiscands, and standard, low power, recresional fish-fnders amd
g soarders when afleed 10 ressanch bosts.

“Wlctarl Reef (23-063) = Haron cland Fesf {23062} and Inder-
re=dal araac adjacent to One Tres lcland Marine Hafional Park
Zons' means that ares defdned a5 MNS-23-1164 In Hemn 6152 of
Schedule 1 1o T Grest Bamier Reef Marnne Fark Zonlng Plan
200F {Cth] and e Ineriidal ares adjscent 1o MNP-Z3-1164.

Gl In relaton o a vessel {irchading e use of an ancllary
wvesal) mears acoassing & pamitied locadon, without deparuns,
1or & period not esceeding 24 hours.

Zonlng Flan” mesrs:

{a} In r=ladon o e Grest Bamier Rl Marine Park, e Great
Bamer Reef Marne Park Zoning Flan 2003 {Cih); and

(b} In redadon o e Grest Bamier Reef Coast Marne Park, the
Marine Parks | Great Bamer Reef Coast) Zoning Plan 2004
§2id).
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Marine Wildlife Stranding and Mortality Report
Turthes, dalphins, whales, dugong, sharks, seals, groupers
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ATTACHMENT A
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