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Abstract
The autonomous inspection of subsea infrastructure is significantly hindered by marine bio-
fouling, which frequently causes traditional rigid crawlers to stall or necessitates expensive,
time-consuming surface cleaning. Furthermore, the subsea infrastructure itself introduces sig-
nificant obstacles, as the path is frequently interrupted by geometrically complex architectures
such as interconnected valve assemblies, flanges or varying pipeline diameters. To address
these limitations, this research presents the design, computational modelling, and empirical
validation of the Compliant Robotic Architecture for Biofouling (CRAB) prototype. The CRAB
leverages inherent material compliance to overcome these obstacles on pipelines.

The architecture integrates three core subsystems: a tendon-driven, underactuated gripper
for adaptive enclosure, a passive magnetic sliding track for variable circumference locking,
and fluid-filled flexible wheels designed to deform over obstacles. Finite element analysis was
utilised to optimise the wheel morphology.

Empirical validation of the prototype confirmed the viability of the core design concept, with
the CRAB successfully achieving a secure grasp and overcoming simulated radial biofouling up
to 50 mm in radius. However, testing also exposed critical failures, specifically material ruptures
at 60 mm obstacle and kinematic stalling within the variable locking mechanism.

Ultimately, this research validates the foundational methodology of using passive mechani-
cal compliance for unstructured subsea mobility. While the core kinematics are proven effec-
tive, advancing the system toward autonomous field deployment requires the integration of an
active mobility actuation system, comprehensive dynamic stability analysis, structural refine-
ments and material optimisation.

Keywords: Soft Robotics, Subsea Mobility, Passive Compliance, Obstacle Traversal, Tendon-
Driven Gripper, Marine Biofouling, Flexible Wheels.

2



CONTENTS

1. Introduction 5
1.1. Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2. State of the art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3. Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.4. Structure of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2. Subsystem design and evaluation 8
2.1. Behavioural requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2. Morphological map: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.3. Variable circumference locking mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3.1. Morphological evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3.2. Empirical validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.4. Gripping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.4.1. Morphological evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.4.2. Empirical validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.5. Obstacle handling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.5.1. Morphological evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.5.2. Empirical validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.6. Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3. CRAB 17
3.1. Geometry compatibility subsystems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.2. Kinematic coupling of the wheels and magnetic slider . . . . . . . . . . . . . . . . . . . . . . . . 18
3.3. Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.4. Fabrication methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.4.1. Dimensioning and materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.4.2. Fabrication flexible wheels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.4.3. Integration of flexible wheels on the tendon arms . . . . . . . . . . . . . . . . . . . . . . . 20
3.4.4. CRAB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.5. Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4. Finite element model of the flexible wheel 24
4.1. Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
4.2. Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4.2.1. Finite element model setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
4.2.2. Empirical calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.2.3. Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.3. Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.4. Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

5. Case study/lessons learned 31
5.1. Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

5.1.1. Gripping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
5.1.2. Variable circumference locking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
5.1.3. Obstacle handling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

5.2. Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
5.2.1. Gripping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
5.2.2. Variable circumference locking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
5.2.3. Obstacle handling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

5.3. Lessons learned . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

6. Conclusion 36
6.1. Summary of findings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3



6.2. Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
6.3. Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

A. Components of CRAB 41

B. Fabrication of the flexible wheel 43

C. Empirical setup 44

D. First iteration CRAB prototype 44

4



1. INTRODUCTION

1.1. BACKGROUND

Worldwide, significant investments are currently being made to accelerate the global energy transition [1].
This shift has driven a rapid expansion of offshore wind farms and their subsea cable networks [2]. To meet
the rising demand for green power and achieve international climate goals, these infrastructure projects
are increasingly being developed further offshore and in deeper, more challenging waters [3] [4]. The kilo-
metres of underwater cables form the backbone and lifelines of our modern, international energy grids [4].
They bridge the gap between offshore wind generation and the mainland, while simultaneously linking the
electricity networks of neighbouring countries.

Beyond the energy sector, the demand for resilient subsea infrastructure extends to several other global
stakeholders. The telecommunications industry manages a vast network of fibre optic data cables vital for
international connectivity [5], while oil and gas companies maintain extensive pipeline infrastructure [6].
While this report frequently uses the term ’pipes’ to describe this architecture, it is important to note that
the kinematics are equally applicable to subsea power cables, telecommunication lines, and other tubu-
lar marine structures. These structures present the identical mechanical challenge of a cylindrical profile.
Furthermore, safeguarding these underwater assets against hybrid threats and sabotage has become a na-
tional defensive strategic priority [7]. Across all these sectors, these crucial components are continuously
subjected to harsh environmental stressors [8]. As this underwater infrastructure ages, the risks of unde-
tected wear, tear, and material fatigue increase exponentially. The unexpected failure of a primary subsea
cable or pipeline not only incurs significant repair costs, but it also actively compromises the energy and
data security of entire regions [4]. Consequently, the necessity for reliable, proactive, and advanced struc-
tural inspections is critical to prevent failures, extend operational lifespans, and ensure long-term economic
stability [1].

Executing these proactive maintenance and inspection operations, however, presents a profound engi-
neering challenge [9]. The operational integrity of these networks relies on navigating underwater envi-
ronments characterised by extreme structural heterogeneity. A typical subsea network is not a uniform
landscape; rather, it comprises an intricate array of elements of vastly differing diameters. Furthermore, the
path is frequently interrupted by geometrically complex architectures such as interconnected valve assem-
blies and irregular flanges [10]. This inherent structural diversity dictates that any automated inspection
vehicle must possess the kinematic flexibility to adapt to drastically different topographies within a single
deployment.

Crucially, this baseline geometric complexity is compounded by the rapid and unpredictable accumu-
lation of marine biofouling [11]. Over time, submerged infrastructure is colonised by a variety of marine
organisms, ranging from soft sponges and algae to hard, calcified structures such as barnacles, mussels,
and tubeworms. This biological growth fundamentally alters the original, predictable geometry of the man-
ufactured components, introducing random, macroscopic protrusions and obstacles along the surface [11].

Consequently, automating the inspection and repair of these critical lifelines requires a novel robotic de-
vice [4]. The primary engineering challenge lies in developing a system capable of continuously traversing
both designed architectural variations and the unpredictable hurdles of marine biofouling, all without ex-
periencing mechanical stalling.

1.2. STATE OF THE ART

Meeting these severe environmental challenges requires moving beyond the limitations of existing com-
mercial devices. Standard external subsea crawlers are generally engineered for operation on rigid, uniform
surfaces [9], [12]. These systems typically utilise rigid drive mechanisms that lack the mechanical com-
pliance required to accommodate significant variations in pipe diameters. Because these robots rely on
precise surface contact for traction, they are highly sensitive to the lack of standardisation in subsea infras-
tructure. A critical failure point for existing robotic devices is the presence of biological fouling; the irregular
and hard protrusions created by organisms such as barnacles and coral present a high risk of mechanical
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stalling or total entrapment for rigid drive systems.

To navigate subsea pipes while maintaining continuous motion, integrated "clean-and-traverse" subsea
robots represent a specialised class of inspection vehicles that overcome heavily fouled marine environ-
ments by actively stripping away biofouling immediately ahead of their path [13], [14]. This sequential
methodology is critical because diverse robotic mobility mechanisms strictly require an unobstructed, uni-
form surface to function properly [13], [14]. For instance, rigid mechanised systems like the Roto Climber
(Figure 1.1) must clear thick marine growth so their motorised wheels can physically grip the underlying
surface without slipping, while thruster-driven, positively buoyant systems like the AURI (Autonomous
Underwater Riser Inspection Tool) rely on a freshly cleaned cylindrical profile to maintain precise struc-
tural alignment using unpowered guide wheels [13], [14]. Furthermore, this aggressive pre-traversal surface
preparation carries high operational and environmental costs. Technically, the abrasive mechanical force
required to strip hard, calcified biofouling physically damages the pipe’s vital anti-corrosion coatings [15].
This exposes the vulnerable steel to highly oxygenated seawater and surviving sulfate-reducing bacteria,
severely accelerating localised degradation such as pitting and microbially influenced corrosion (MIC). En-
vironmentally, the eradication of this growth systematically strips away localised biomass, destroying the
micro-ecosystems that have come to rely on the underwater infrastructure as an artificial reef.

While external inchworm subsea pipe crawlers (Figure 1.2) avoid aggressively destroying marine growth,
their step-by-step mobility introduces severe operational drawbacks, most notably their slow speed [16],
[17], [18]. The peristaltic "clamp, extend, and pull" motion is inherently sluggish, making the inspection
of long subsea pipes highly time consuming and heavily draining on power reserves due to the constant
mechanical actuation. Furthermore, because these robots do not strip the pipe clean, they frequently suffer
from grip failure and slippage when trying to clamp over thick, slippery biofouling. Ultimately, the sheer
mechanical complexity required to operate alternating hydraulic or pneumatic clamping systems in the
high-pressure deep-ocean environment introduces numerous potential points of failure, making inchworm
crawlers prone to failures [16], [18].

While soft robotic research has extensively explored adaptive enclosure, most systems remain optimised
for static manipulation, securing objects in a fixed position [19]. Consequently, a significant technologi-
cal gap exists in leveraging material compliance to achieve robust, bidirectional mobility in unstructured
subsea environments. By bridging this gap, such an architecture could bypass the rigid limitations of tradi-
tional crawlers. Ultimately, this could lead to a unified, highly efficient solution where the severe structural
and environmental costs of aggressively stripping marine growth and the operational inefficiency of the
inchworm’s slow speed are all simultaneously resolved.

Figure 1.1: Roto climber.
Figure 1.2: Inchworm.
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1.3. OBJECTIVE

Main Research Goal: Develop an adaptive underwater robotic mobility device to overcome the geometric
irregularities and biological unpredictability inherent in subsea infrastructure.

Sub questions: To answer the main research question, the following sub-questions will be addressed:

• How can the behavioural requirements of gripping, variable circumference locking and obstacle han-
dling be resolved through the selection of robotic subsystems?

• How can these discrete subsystems be physically integrated to function as a unified, Compliant Robotic
Architecture for Biofouling (CRAB) device?

• How does the geometric dimensioning of a fluid-filled flexible wheel affect its behaviour and stability
when interacting with obstacles?

• What operational capabilities does the unified robotic device demonstrate, and what key lessons can
be drawn from the empirical case studies?

1.4. STRUCTURE OF THE THESIS

To answer the formulated research questions and systematically develop the adaptive underwater device,
this thesis is structured as follows:

• Chapter 2: Breaks down the overarching behavioural requirements into discrete kinematic tasks. It
details the conceptualisation, systematic evaluation using a morphological map, and empirical vali-
dation of the three primary robotic subsystems: gripping, the variable circumference locking and the
obstacle handling.

• Chapter 3: Discusses the physical and kinematic integration of these discrete mechanisms into a uni-
fied, functional robot designated as CRAB. It outlines the strict geometric compatibility, the dynamic
kinematic coupling between the compliant wheels and the magnetic slider, macroscopic system sta-
bility, and the fabrication methodology of the physical proof-of-concept.

• Chapter 4: Isolates the flexible wheel subsystem to investigate its non-linear deformation mechanics
using Finite Element Analysis (FEA). It covers the computational modelling and empirical calibration
of the FEA framework. Then it presents a quantitative analysis of the wheel’s structural forces and
dynamic kinematic responses during obstacle handling.

• Chapter 5: This chapter presents the experimental testing of the unified CRAB prototype. It details the
setups used, evaluates the system’s operational capabilities in grasping, variable circumference lock-
ing and obstacle handling. Then it critically analyses the physical failures, such as material ruptures
and kinematic binding, exposed during extreme mechanical loading.

• Chapter 6: The final chapter synthesises the theoretical and empirical findings to directly answer the
overarching research questions. It acknowledges the current methodological and structural limita-
tions and outlines targeted recommendations for future development.
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2. SUBSYSTEM DESIGN AND EVALUATION

The transition from a theoretical concept to a functional robotic device requires a decomposition of the sub-
sea mobility challenge into discrete, manageable kinematic tasks. While the previous chapter established
the environmental stressors, namely geometric heterogeneity and marine biofouling, this chapter focuses
on the mechanical architecture required to navigate them.

Section 2.1 defines the essential behavioural requirements derived directly from the physical challenges
of the subsea operational environment. To systematically generate and evaluate potential solutions for
these requirements, Section 2.2 introduces a morphological map. The subsequent sections detail the the-
oretical evaluation and physical prototyping of the three primary subsystems: the variable circumference
locking (Section 2.3), the gripping (Section 2.4), and the obstacle handling (Section 2.5). Finally, Section 2.6
discusses the outcomes and findings of the subsystem design and evaluation.

2.1. BEHAVIOURAL REQUIREMENTS

The behavioural requirements are derived from the operational challenges of the subsea environment and
from the specific technical needs for handling subsea infrastructure.

• Gripping: The gripping subsystem is designed to accommodate structural diameters of 300 mm. This
boundary was selected because 300 mm is a dimension commonly encountered throughout subsea
infrastructure [10].

• Obstacle handling: The system must traverse up to 50 mm of radial marine growth without mechan-
ically stalling. This specific threshold was established to simulate severe, mature accumulation of
biofouling encountered on infrastructure [11].

• Variable circumference locking: The mechanism must securely lock around the subsea infrastruc-
ture, while dynamically adapting its internal circumference to accommodate varying structural diam-
eters or to negotiate uneven marine growth.

Because subsea pipes vary greatly in size, these target dimensions give us a clear range for testing. Setting
these boundaries allows us to validate that the robot’s mechanics and flexibility work as intended. While
this report focuses heavily on navigating obstacles like marine growth, the flexibility required to roll over
those bumps is similar to the mechanical flexibility needed to adjust to different pipe diameters, valves and
flanges. Ultimately, proving the robot works within this specific size range creates a strong proof of concept
that can be scaled to other pipes and obstacles in the future.

2.2. MORPHOLOGICAL MAP:

To synthesise mechanisms capable of executing the defined behavioural requirements, a morphological
map (Table 2.1) was generated to systematically evaluate potential architectural solutions for each discrete
kinematic task. However, because the device must operate as a highly coupled dynamic system, subsys-
tem compatibility serves as a primary analytical criterion; the selected mechanisms must integrate without
kinematic interference. Furthermore, while continuous mobility and payload integration fall outside the
primary scope of this initial prototyping phase, any selected architecture must ensure these integrations
remain possible for a later stage of development.
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Gripping

Fluidic Tendon
Compliant SMA

Obstacle handling

Flexible wheels

Sensors
Propellers

Variable circum-
ference locking

Velcro
Magnet Compliant Mechanical

Table 2.1: Morphological evaluation of potential robotic subsystems. This map systematically breaks down
architectural solutions for each discrete kinematic task. To ensure a functional final prototype, the
selected mechanisms had to prove not only individual viability for gripping, obstacle handling,
and locking, but strict system-level compatibility and allow for mobility and payload integration.

2.3. VARIABLE CIRCUMFERENCE LOCKING MECHANISM

To satisfy the behavioural requirement of variable circumference locking, the robotic device requires a lock-
ing mechanism that allows the system to adapt its internal circumference to accommodate variable diame-
ters without decoupling.

2.3.1. MORPHOLOGICAL EVALUATION

To identify the most viable architecture for variable diameter environments, potential mechanisms were
evaluated against the required kinematic behaviours:

• Micro-structured Fasteners (Velcro): This concept utilises micro-structured fasteners on a sliding
rail system. Despite successful use in highly controlled underwater applications [20], hook-and-loop
fasteners are behaviourally unsuited for subsea deployment. Their high-surface-area matrix is im-
mediately vulnerable to rapid marine biofouling, which destroys interfacial shear strength [20]. Ad-
ditionally, establishing a reliable bond requires applying a uniform normal force to expel the viscous
water layer [21].

• Mechanical Locks: This system utilises a slotted track mechanism where a locking rod enters through
a specifically aligned opening. Once inserted and translated laterally along the track, the rod becomes
physically trapped and cannot disengage unless returned to its original entry point. While this effec-
tively locks the system while preserving one translational degree of freedom, it requires high precision
in the coupling process. Achieving this high-precision initial coupling is inherently unreliable when
subjected to unpredictable hydrodynamic forces [22]. Mechanical locks are uniquely vulnerable be-
cause they rely on tight tolerances and sliding interfaces to remain secure. In a subsea environment,
sand, silt, and biofouling act as an abrasive "grit" that fills the small gaps required for pins or tracks to
move.

• Compliant Systems: The compliant system has a funnel-shaped entry with compliant locking com-
ponents. While this design effectively eliminates jam prone moving parts, designing a compliant in-
terface that supports dynamic circumference adjustments while ensuring reliable decoupling intro-
duces substantial kinematic complexity and risks of cyclic material fatigue [23].
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• Magnetic Locking: This concept utilises magnetic attraction to facilitate closure, integrated with a
linear rail system to provide a translational degree of freedom. Within this paradigm, both active
electromagnets and passive permanent magnets were evaluated. While electromagnets theoretically
offer the advantage of on-demand, switchable engagement, their implementation introduces signif-
icant architectural complexities. Utilising active magnetic systems necessitates continuous power
routing along the articulating joints and the integration of dedicated electrical switching hardware.
Conversely, passive permanent magnets provide a reliable holding force that is entirely independent
of power reserves.

Subsea environmental constraints, specifically unpredictable hydrodynamic forces, disqualified micro-
structured fasteners and mechanical locks due to their reliance on high-precision alignment and uniform
attachment force, favouring instead the passive alignment offered by permanent magnets and compliant
funnels.

2.3.2. EMPIRICAL VALIDATION

To physically validate the theoretical advantages of the surviving concepts, prototype iterations of both the
magnetic slider (Figure 2.1) and the compliant funnel (Figure 2.2) were developed and tested.

The sliding rail effectively executed the necessary translational degree of freedom, providing low friction
movement and highly effective passive self alignment. Conversely, the alternative compliant funnel proved
structurally fragile.

Figure 2.1: Prototype of the magnetic sliding mecha-
nism, which successfully demonstrated low-
friction, passive self-alignment. The 80x40
mm assembly utilises a base slider within
linear guide rails and integrated permanent
magnets. The red arrows indicate the system’s
translational path.

Figure 2.2: The structurally fragile compliant fun-
nel prototype. This 60x100 mm as-
sembly relies on an arrow-shaped rod
pushing past flexible internal latches
to lock. translating along the path in-
dicated by the red arrows.

2.4. GRIPPING

To fulfil the behavioural requirement of gripping, specifically, the ability to adaptively enclose infrastructure
up to 300 mm in diameter, the grasping mechanism must exhibit both high scalability and a rapid closing
trajectory.
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2.4.1. MORPHOLOGICAL EVALUATION

To determine the optimal actuation behaviour, gripping technologies were evaluated against the system’s
spatial and kinematic constraints:

• Fluidic Actuators: While highly effective for centimetre scale manipulation, fluidic elastomer actua-
tors lack practical scalability for a 300 mm target [19]. Because the internal volume of fluidic chambers
scale cubically with its linear dimensions, achieving the necessary wrap would require massive vol-
umetric flow rates. This behavioural constraint necessitates bulky compressors, which violates the
requirement for a compact, hydrodynamically efficient device [19].

• Shape Memory Alloys (SMA): The low recoverable strain of SMAs (typically 6% to 10%) fundamentally
restricts their kinematic range [24]. Achieving the required 300 mm stroke would demand excessively
long wires or heavy mechanical amplification, actively undermining the system’s spatial efficiency.

• Deformation-Based Grippers: Systems utilising continuous material deformation inherently adapt
to any geometric variation they encounter [25], [26]. For a device navigating a fouled subsea pipe,
this behaviour is highly problematic; the gripper will attempt to conform to unpredictable biological
obstructions rather than maintaining a stable perimeter around the cylindrical profile, likely resulting
in mechanical stalling.

• Tendon-Driven Systems: Tendon-driven systems operate through tension-induced bending, where
a high-tensile line is routed through structural links and elastic flexure joints. Applying tension to
this line creates a compressive moment at each joint, forcing the arm to curl. This underactuated ar-
chitecture offers inherent scalability and morphological adaptability, enabling the arms to passively
conform to various geometries while maintaining high-force mechanical constraints. By centralising
actuation, the system maintains a slim, low-profile geometry. Furthermore, the design achieves kine-
matic simplicity, as the wrapping trajectory is governed by joint stiffness rather than complex active
control, reducing potential electrical and mechanical failure points [27].

Consequently, because alternative actuators fail to scale to the required 300 mm enclosure or are prone to
mechanical stalling, the tendon-driven system is the only viable option to achieve the necessary gripping.

2.4.2. EMPIRICAL VALIDATION

Initial empirical evaluations of the baseline tendon mechanism revealed kinematic deviations from the tar-
geted circular enclosure (Figure 2.3). Consequently, to optimise the joint trajectory and systematically anal-
yse the wrapping mechanics, subsequent prototypes were developed to evaluate the structural behaviour
of three-, four-, and six-link configurations (Figure 2.4).

The multi-link gripper configurations were empirically tested by incrementally applying tension to the
primary actuation tendon and visually analysing the resulting wrapping trajectory. These observational
trials revealed a fundamental kinematic trade-off regarding the number of links used:

• The advantage of more links: Increasing the number of structural links creates more degrees of free-
dom within the system. Theoretically, this enables the gripper to achieve a higher-resolution, which
can result in a more continuous enclosure around circular diameters.

• The disadvantage of more links: However, these compounding degrees of freedom introduce signif-
icant non-linearity into the grasping motion, degrading the predictability of the wrap.

This unpredictability stems directly from the system’s inherently underactuated architecture. Because a
single tendon drives multiple flexures, the system possesses fewer control inputs than degrees of freedom.
Consequently, the wrapping trajectory is governed by the relative stiffness of individual joints rather than
rigid kinematics. Compounding these unactuated joints exponentially amplifies this non-linear behaviour,
making a synchronised, circular wrap mechanically difficult to guarantee.

To optimise this trade-off between kinematic simplicity and the spatial demands of a circular enclosure,
the final design converged on a three-link, two-flexure configuration. By incorporating pre-angled geome-
tries into the central and terminal links rather than relying strictly on linear segments, the arms effectively
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Figure 2.3: First gripper prototype,
with an overall arm
length of 300 mm.

Figure 2.4: Multi-link gripper prototypes evaluating the trade-off be-
tween resolution and predictability. These configurations
range from 900 mm to 1800 mm arm lengths.

approximate a circular perimeter without the control overhead and instability of additional joints (shown
in Figures 2.5 and 2.6). Figure 2.7 shows the incorporation of the magnet slider in the most closed configu-
ration.

Figure 2.5: This 1000x1000 mm third-iteration gripper uses three pre-angled, spool-actuated links to achieve
a predictable circular wrap without the instability of extra joints.

12



Figure 2.6: 600x500 mm integrated prototype in a
fully closed state. This configuration
illustrates the mechanical synergy be-
tween the tendon arms and the mag-
netic slider. It demonstrates that the sys-
tem can maintain a magnetically cou-
pled enclosure

Figure 2.7: The magnetic slider at its maximum
travel. This fully closed configuration
demonstrates how the system accom-
modates varying structural circumfer-
ence; the sliding mechanism allows the
gripper to adjust its internal circumfer-
ence without decoupling.

2.5. OBSTACLE HANDLING

To maintain continuous vertical mobility, the device must successfully overcome the geometric unpre-
dictability of the subsea environment. The accumulation of marine biofouling introduces drastic surface
variations ranging from hard, sharp barnacle clusters to thick, slippery algae that pose a significant me-
chanical risk. Therefore, the mobility interface requires a mechanism capable of safely traversing these
diverse and irregular protrusions without stalling, slipping, or entangling.

(a) Severe biofouling on a submerged pipe. (b) Slight biofouling on a submerged pipe.

Figure 2.8: Examples of biofouling on pipes.

2.5.1. MORPHOLOGICAL EVALUATION

To identify the most viable method for bypassing marine growth, three primary behavioural strategies were
evaluated against the system’s kinematic and environmental constraints:
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• Angled propellers: This active strategy utilises propellers aimed directly along the device’s path of
travel. As the robot approaches an irregular protrusion, the thrusters direct a localised flow of water
against the obstacle, creating a reactive hydrodynamic force intended to push the chassis safely away.
However, this approach introduces two severe mechanical drawbacks. First, the repulsive thrust vec-
tor directly opposes the device’s forward mobility, actively counteracting its own momentum. Second,
the substantial integrated payload significantly increases the total mass of the chassis. Due to this high
inertia, the physical response time required to quickly divert the heavy device is inherently slow. Gen-
erating sufficient force to overcome this inertia before impact would demand massive, instantaneous
power spikes, rendering this strategy energy-inefficient and highly vulnerable to collisions.

• Sensor triggered deployment: By utilising integrated proximity sensors, the onboard control system
continuously monitors the infrastructure’s surface ahead. Upon detecting a protrusion within a criti-
cal distance threshold, the system actively opens its arms, temporarily expanding the circumference
of the device to clear the hazard. However, the fundamental kinematic limitation of this design is that
opening the enclosing arms does not alter the trajectory of the main chassis. If an obstacle lies directly
in line with the central body, the device remains on a collision course, leaving the vehicle physically
blocked despite the arms successfully deploying.

• Flexible wheels: This strategy provides inherent passive adaptability. By utilising highly compliant
internal media, the wheels can dynamically deform around irregular protrusions without requiring
complex active control systems or sensor feedback loops.

Since it requires no active evasion controls and lacks the situational vulnerabilities that leave alternative
mechanisms prone to stalling, the passive flexible wheel was deemed the most viable solution.

2.5.2. EMPIRICAL VALIDATION

Unlike terrestrial pneumatic tyres, which are rendered unviable by the extreme hydrostatic pressures of the
deep sea, the proposed flexible wheels must utilise pressure-invariant internal media to ensure structural
integrity. To empirically validate the optimal physical behaviour, testing was structured around evaluating
different internal media and iteratively refining the membrane material.

Figure 2.9: Flexible wheel prototypes with varying internal media, measuring approximately 60 mm in di-
ameter and 60 mm in height. From left to right: water-filled, granular-filled, and solid silicone
variants.

To determine the most efficient method for traversing obstacles, three distinct internal media concepts
were initially prototyped using Dragon Skin 30 silicone (Figure 2.9), a material selected for its suitability in
rapid prototyping and immediate availability within the TU Delft Phantom lab. The variants evaluated three
primary paradigms of incompressible soft-body deformation:

• Solid Silicone: Evaluated the natural elasticity and deformation mechanics of a homogeneous sili-
cone core when encountering radial obstacles.
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• Water Filled: Investigated how an internal, incompressible fluid displaces to allow the outer mem-
brane to smoothly conform to irregular protrusions.

• Granular Filled: Examined whether the friction between loose particulates (a 50/50 mixture of 2 mm
and 3 mm stainless steel spheres) could effectively balance surface compliance with load-bearing
strength.

During initial testing, the solid silicone Dragon Skin 30 prototype proved insufficiently flexible to effec-
tively deform around the obstacles in Figure 2.10. To address this lack of compliance, a secondary solid
prototype was fabricated using Ecoflex 00-30, a significantly softer silicone. While this alternative provided
the necessary flexibility for obstacle handling, its low shore hardness made the wheel surface highly suscep-
tible to tearing and abrasive wear. Consequently, relying purely on a solid elastomer, whether durable but
stiff (Dragon Skin 30) or flexible but fragile (Ecoflex 00-30), forced an unacceptable compromise, rendering
solid media unviable.

During comparative empirical testing using the setup shown in Figure 2.10, both the water- and granular-
filled wheels exhibited identical traversal capabilities, stalling at the same maximum obstacle height and
requiring equivalent force to navigate smaller protrusions. However, the granular medium, consisting of
stainless steel ball bearings, introduces significant operational penalties, as it is substantially heavier and
more costly than water. Consequently, water is the preferred internal medium.

Figure 2.10: Empirical test setup evaluating wheels (from Figure 2.9) conforming over 15, 16, and 17 mm
rigid obstacles. These trials confirmed that water-filled and granular-filled variants exhibited
identical stalling thresholds.

2.6. DISCUSSION

The primary objective of this chapter was to identify and validate discrete robotic subsystems capable of
satisfying the core behavioural requirements. To directly address the sub-question regarding how the be-
havioural requirements of gripping, variable circumference locking, and obstacle handling can be resolved,
this research concludes that the optimal architecture prioritises passive mechanical compliance and kine-
matic simplicity over active control. Specifically, these operational requirements are successfully resolved
through the selection of the following three subsystems:

Regarding the gripping subsystem, the empirical trials demonstrated a fundamental trade-off between
geometric resolution and kinematic predictability. The final choice converged on a tendon-driven, three-
link, two-flexure configuration. While adding more links can theoretically improves the circular wrap, the
empirical tests proved that compounding the unactuated degrees of freedom makes the system too unpre-
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dictable. The chosen three-link design successfully balances the spatial flexibility needed to enclose 300
mm infrastructure with predictable actuation.

For the variable circumference locking requirement, the final choice prioritised passive magnetic cou-
pling over compliant mechanical latches. While compliant funnels demonstrated theoretical promise, em-
pirical testing revealed they were structurally fragile. The permanent magnetic sliding lock, conversely,
provided highly reliable, low-friction dynamic coupling with passive alignment. Furthermore, utilising pas-
sive permanent magnets rather than electromagnets deliberately eliminated the architectural overhead of
(waterproof) electronics, keeping the prototype focused strictly on validating mechanical kinematics.

To satisfy the obstacle handling requirement, water-filled flexible wheels were chosen over granular-filled
or solid elastomer alternatives. Empirical testing established that relying on the volumetric displacement of
an incompressible fluid offered continuous passive compliance over unpredictable biofouling, successfully
conforming around different sizes of obstacles. These three subsystems successfully fulfil the foundational
kinematic requirements for the CRAB prototype.

While the current prototype demonstrates the foundational kinematics, transitioning the architecture for
field deployment introduces potential limitations. Although the water-filled wheels provided a functional
baseline for compliance, the low-viscosity fluid lacks inherent passive damping. A theoretical concern is
that high-velocity impacts with sharp biofouling could cause rapid fluid displacement, leading to the risk
of the silicone bottoming out against the rigid axle and rupturing. To address this, future iterations might
explore utilising non-Newtonian shear-thickening fluids (STFs) to improve impact damping. Additionally,
while permanent magnets provided a reliable mechanical proof-of-concept, future models could incorpo-
rate switchable electromagnets to allow for on-of demand engagement. With the foundational subsystems
now validated, the following chapter details their physical integration into the unified CRAB architecture.
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3. CRAB

Building upon the isolated subsystem evaluations conducted in Chapter 2, this chapter details the physical
and kinematic integration of these mechanisms into a unified robotic device. This fully integrated prototype
is designated as CRAB: Compliant Robotic Architecture for Biofouling.

While the previous chapter validated the individual principles of variable circumference locking, soft grip-
ping, and passive obstacle handling, these discrete systems must operate synergistically to achieve contin-
uous mobility. This chapter outlines the engineering methodology used to synthesise these components
into the complete CRAB architecture. Section 3.1 defines the strict geometric compatibility and spatial con-
straints required to merge the subsystems. Section 3.2 details the dynamic kinematic coupling between the
compliant wheels and the magnetic sliding lock during obstacle handling. Section 3.3 analyses the macro-
scopic physical stability of the device. Next, Section 3.4 presents the fabrication methodology and material
realisation of the physical proof-of-concept. Finally, Section 3.5 discusses the assembled CRAB prototype.

3.1. GEOMETRY COMPATIBILITY SUBSYSTEMS

The spatial integration of the discrete subsystems determines how well the robot handles different pipe
sizes. The architecture is designed to lock around diameters of 300 mm to 400 mm. This 400 mm upper
limit accounts for the 300 mm base pipe plus 50 mm of biofouling on each side.

Successful adaptability relies on a geometric equilibrium between three primary variables:

1. The length of the structural links.

2. The outer diameter with the flexibility of the flexible wheels.

3. The translational stroke of the magnetic sliding mechanism.

Figure 3.1: Geometric compatibility relies on the relationship between the 190 mm link length, the 130 mm
flexible wheels able to indent 30 mm, and the magnetic slider’s 140–240 mm translational stroke.
This arrangement ensures continuous contact and secure locking for base pipes (300 mm) up to
fouled environments (400 mm).
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The configuration shown in Figure 3.1 is the result of scaling the components to meet these structural and
spatial needs:

• Wheel Diameter: A diameter smaller than 130 mm would not provide enough compliance, follow-
ing from Subsection 4.3 (Figure 4.8). Conversely, a larger wheel would increase the system’s weight,
inertia, and drag.

• Link Length: The 190 mm link size is tied to the wheel diameter. This ratio ensures the gripper main-
tains contact.

• Magnetic slider: The magnetic slider has a specific physical limit: its maximum length is restricted to
less than twice its retracted length, minus 40 mm for the magnet housing. Resulting in the magnetic
slider moving from 140 mm to 240 mm.

3.2. KINEMATIC COUPLING OF THE WHEELS AND MAGNETIC SLIDER

Having established the static geometric blueprint of the robotic chassis in Section 3.1, it is critical to un-
derstand how these spatial constraints govern the system. While the discrete mechanisms, the compliant
wheels and the magnetic slider, were evaluated in isolation in Chapter 2, their true operational capabil-
ity emerges through their mechanical integration. This section details the dynamic synergy between these
components, illustrating how the fixed geometric architecture translates localised obstacle impacts into a
coordinated, system wide kinematic response.

When a flexible wheel deforms over a marine obstacle, it naturally generates a reactive normal force
(FN ). Due to the fixed geometric constraints of the wrapping linkage, a component of this normal force
is mechanically transmitted parallel to the sliding rail of the magnetic lock. By summing the relevant force
components derived from the Free Body Diagram (Figure 3.2a), the cumulative resultant force (FM x ) acting
perpendicular to the sliding rail is mathematically defined by Equation 3.1:

FM x =
4∑

i=1
FN ,i cos(45◦) (3.1)

In the current prototype iteration, this transmitted force acts directly on the rigid tendon actuation line.
Consequently, manual adjustment of the actuation line via the spool is required to expand the overall cir-
cumference of the gripper. This rigid constraint represents a kinematic limitation; to enable the gripper’s
circumference to momentarily expand and accommodate significantly larger obstacles without disrupting
the continuous magnetic locking, intentional compliance should be introduced into the actuation line in
future iterations. The necessity of introducing this dynamic compliance to automate expansion is evaluated
further in Section 3.5.

3.3. STABILITY

Having detailed the internal kinematic coupling in Section 3.2, it is necessary to evaluate how the stability
of the CRAB. While continuous active mobility and payload integration were deliberately isolated from this
specific prototyping phase, macroscopic stability remains a fundamental architectural requirement. To en-
sure that future iterations can successfully achieve continuous mobility, the spatial distribution of mass and
buoyancy must be analysed.

Following Figure 3.2a, upward movement occurs when net buoyancy exceeds mechanical friction plus
gravity, as defined in Equation 3.2 (with gravity (Fg ), variable buoyancy (FB ) and rolling friction (Fr )):

FB > Fg +Fr , for movement upwards (3.2)
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(a) Top-view Free Body Diagram (FBD). (b) Side-view stability analysis.

Figure 3.2: The FBD (left) defines the vector interactions between gravity (Fg ), buoyancy (FB ), magnetic
locking (FM ), normal forces (FN ) and rolling friction (Fr ) used to derive the mobility equations.
The side-view analysis (right) identifies the passive stability requirement: maintaining the centre
of buoyancy above the centre of gravity to ensure a restorative moment against external pertur-
bations, for movement upwards and downwards.

The upper row of Figure 3.2b illustrates a hydrostatically stable configuration, wherein the centre of buoy-
ancy (FB ) is positioned above the centre of gravity (Fg ). When the device is perturbed from its equilibrium
state, this vertical offset generates a restoring moment (indicated by the green vectors) that naturally returns
the CRAB to its original orientation. Conversely, the lower row depicts an unstable arrangement where FB

is located below Fg . In this scenario, any angular displacement creates an overturning moment that further
destabilises the system. This behaviour is seen for upwards and downwards movement. Consequently, to
ensure passive stability during subsea operations, it is critical for future design constraints that FB main-
tains strictly above Fg .

3.4. FABRICATION METHODOLOGY

To empirically validate the theoretical principles established in the preceding sections, the CRAB architec-
ture was translated into a physical prototype. This section details the fabrication methodology and hard-
ware integration required to construct the robotic carrier.

3.4.1. DIMENSIONING AND MATERIALS

As summarised in Table 3.1, the primary structural materials were chosen to balance rapid prototyping
feasibility with the mechanical robustness required for the proof of concept. Beyond these core links and
flexures, the system’s variable circumference locking and actuation rely on the following specific component
selections:

• Magnets: Passive permanent magnets were selected for the sliding lock. The assembly utilises one
primary magnet (Figure A.4) and three secondary magnets (Figure A.5), with technical specifications
detailed in the appendix. This strictly mechanical approach deliberately eliminates the architectural
overhead and potential failure points associated with active electromagnets.

• Spool Design: A custom aluminium spool was turned and milled to manage the high-strength fishing
line (Figure A.1). This allows for centralised tension routing to reliably actuate the compliant flexure
network and drive tendon system.
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Component Material Key Dimensions Justification

Flexures Spring Steel 1.6×10×10 mm High flexibility without plastic defor-
mation; provides a good balance be-
tween stability and flexing capability.

Tendon arm segments PLA CF Length 190 mm (Sec 3.1),
Diameter 15 mm

Strong, readily available 3D printable
material suitable for rapid prototyp-
ing.

Tendon line Fishing Line N/A Strong, low friction, and highly cost-
effective for actuation.

Table 3.1: Overview of material selection and component dimensioning for the primary structure of the
CRAB prototype.

3.4.2. FABRICATION FLEXIBLE WHEELS

The fluid-filled flexible wheels were fabricated in a three-step casting process. First, silicone was poured
into separate top and bottom moulds and allowed to fully cure 3.3a. Next, the cured bottom part was filled
with water 3.3b. To seal the assembly, a layer of fresh, uncured silicone was applied around the rim of the
bottom half to act as an adhesive. The cured top part was then placed directly onto this wet layer B.1. Once
this intermediate layer cured, it permanently bonded the two halves together, sealing the water inside and
creating a single, continuous wheel.

(a) Mold filled with silicone (b) Top part and bottom part with water inside

Figure 3.3: Fabrication process of the flexible wheels

3.4.3. INTEGRATION OF FLEXIBLE WHEELS ON THE TENDON ARMS

To integrate the flexible wheels with the gripper links, the incorporation of bearings is essential. While
ceramic or low absorption plastics are the preferred materials for deep sea bearings to ensure longevity
[28], [29], 3D printed PLA bearings was selected for this prototype due to the ease of integration.

Although these components are expected to degrade faster, and have more friction, than their industrial
counterparts, they are sufficient for validating the "proof of concept". The assembly consists of metal ball
bearings secured within a 3D printed cage; both the central shaft and the outer housing feature 3D printed
grooves with a radius matching the balls to ensure relative smooth rotation (Figure A.2 and A.3).
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3.4.4. CRAB

The complete mechanical assembly of the proposed robotic carrier is presented in Figures 3.4, 3.5 and 3.6.
These visual representations highlight the physical realisation of the theoretical models, showcasing the
direct integration between the primary functional modules. Figure 3.4 illustrates CRAB in a fully open posi-
tion, while Figure 3.5 and 3.6 detail the variable circumference locking mechanism.

Figure 3.4: Physical realization of the CRAB assembly (1000x1000 mm). This open configuration shows the
successful integration of the three-link gripper, the centralized tendon spools, and the four fluid-
filled flexible wheels.
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Figure 3.5: Integrated CRAB prototype (500x600
mm) in a closed state. This configuration
illustrates the mechanical synergy be-
tween the tendon arms and the magnetic
slider, demonstrating that the system
can maintain a magnetically coupled
enclosure.

Figure 3.6: CRAB prototype with magnetic slider at
its maximum travel. This fully closed
configuration demonstrates how the sys-
tem accommodates varying structural
circumference; the sliding mechanism al-
lows the gripper to tighten its hold with-
out decoupling the magnetic lock.

3.5. DISCUSSION

The primary objective of this chapter was to synthesise the isolated mechanisms validated in Chapter 2 into
a unified robotic device. To directly address the sub-question regarding how these discrete subsystems can
be physically integrated to function as the CRAB prototype, this research concludes that successful inte-
gration relies on two core architectural principles: strict geometric compatibility and dynamic kinematic
coupling.

First, achieving geometric compatibility required establishing a precise spatial equilibrium between the
structural links, the 130 mm diameter of the flexible wheels, and the variable stroke of the magnetic slider.
This static spatial arrangement ensures the system can theoretically scale to enclose the 300 mm to 400 mm
target diameters. Second, the architecture relies on a magnetic slider for variable circumference locking.
When the wheels deform over the obstacles, reactive normal forces will be mechanically transmitted to
the magnetic lock. By integrating a passive structural spring in future designs, this coupling would allow
the slider to momentarily expand the enclosure to clear the obstacle and then contract after passing the
obstacle, without active control.

While the physical assembly successfully validates the spatial and structural feasibility of the CRAB con-
cept, evaluating the static prototype immediately revealed several inherent mechanical limitations. During
integration, it was observed that the 3D-printed bearings exhibit inconsistent rotational friction due to nat-
ural manufacturing variations. Furthermore, the unconstrained nature of the magnetic slider along its lin-
ear rail introduces a clear risk of lateral misalignment post-actuation. To ensure the slider reliably returns to
its baseline position for consistent re-engagement, future iterations can integrate a restorative mechanism,
such as a low-force passive spring. Which guides the magnetic slider back whenever it’s not engaged.

Furthermore, the physical realisation of the prototypes highlighted critical material and fabrication con-
straints. The Dragon Skin 30 silicone was selected for rapid prototyping; while it successfully demon-
strated passive deformation, it lacks long-term abrasion resistance. Future iterations should transition to
industrial-grade marine rubbers or specialised polyurethane blends. Beyond offering superior structural
durability, polyurethanes possess a significantly lower coefficient of friction compared to silicone. This
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characteristic is highly beneficial for subsea mobility, as it would minimise rolling resistance and reduce
the likelihood of the flexible wheel to snagging or tearing on sharp biofouling. Furthermore, the multi-part
moulding process created structurally weak seams. Redesigning the fabrication methodology to cast the
wheel as a single, continuous piece would eliminate these weak points and reduce manufacturing variables.

Ultimately, while this chapter demonstrates that the discrete subsystems can be successfully integrated
into a cohesive physical proof-of-concept, the theoretical kinematic relationships and structural tolerances
discussed here cannot be fully validated through static assembly alone. To quantify the system’s actual
operational capabilities, observe dynamic coupling in motion, and identify true physical failure thresholds,
the integrated prototype must be subjected to empirical testing, which is the focus of Chapter 5.
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4. FINITE ELEMENT MODEL OF THE FLEXIBLE WHEEL

While Chapters 2 and 3 established the architectural integration of the flexible wheel, optimising its spe-
cific morphological behaviour requires dedicated analysis. Building upon the initial prototyping phase, this
chapter isolates the flexible wheels and further investigates their deformation mechanics through Finite El-
ement Analysis (FEA). The chapter is structured as follows: Section 4.1 outlines the operational limitations
of existing compliant tyre technologies. Section 4.2 details the computational modelling, empirical calibra-
tion of the FEA framework and the simulation parameters used to test various dimensional configurations.
Section 4.3 presents the quantitative results, analysing the wheel’s structural forces and dynamic kinematic
responses. Finally, Section 4.4 synthesises these findings, discussing current limitations and providing ac-
tionable recommendations for future material selection and morphological optimisation.

4.1. BACKGROUND

A critical mechanical challenge in subsea infrastructure inspection is the continuous traversal of irregular
biological protrusions. Conventional wheels are engineered for strict load-bearing; consequently, encoun-
tering obstacles forces the vehicle to abruptly lift its entire chassis over the geometry. This paradigm differs
fundamentally from the proposed flexible wheels, which operate solely as passive kinematic elements de-
signed to deform dynamically around obstructions.

Literature regarding flexible wheel architectures is primarily restricted to terrestrial applications, such as
the Tweel [30] and low-pressure balloon tyres [31]. While the Tweel’s non-pneumatic, poly-resin spokes of-
fer excellent impact absorption on land, its discrete spoke structure concentrates the vehicle’s weight into
specific point loads, leading to slipping and debris entrapment when navigating the sharp irregularities of
marine growth. Conversely, highly compliant balloon tires are inherently disqualified by their pneumatic
nature; the extreme hydrostatic pressures of the deep sea would violently compress their internal volume,
completely eliminating their flexibility. To overcome these environmental limitations, this research pro-
poses an enclosed, fluid-filled wheel architecture. By utilising an incompressible internal medium, this de-
sign inherently resists hydrostatic compression while uniformly distributing forces across the entire contact
patch, allowing the wheel to smoothly envelop subsea obstacles without kinematic stalling.

While the theoretical advantages of a fluid-filled elastomeric wheel are clear, predicting its exact kinematic
behaviour presents a significant engineering challenge. The structural interaction between a hyperelastic
membrane and an incompressible fluid yields highly non-linear deformation mechanics that cannot be
accurately captured through simple analytical equations. Consequently, to optimise the wheel’s morpho-
logical dimensions, specifically its width, diameter, and membrane thickness, without relying exclusively on
trial-and-error physical prototyping, a robust computational framework is required. Therefore, this chapter
utilises FEA to isolate and quantitatively evaluate the complex structural forces and dynamic deformation
behaviours of the proposed wheel architecture.

4.2. METHODOLOGY

To systematically investigate the structural deformation and kinematic behaviour of the flexible wheel, this
section outlines the computational and experimental methodologies employed.

4.2.1. FINITE ELEMENT MODEL SETUP

To evaluate the system’s structural behaviour, a finite element model was created utilising Abaqus. The
baseline flexible wheel was modelled with a 130 mm outer diameter, a 100 mm transverse width, a 4 mm
wall thickness, and 5 mm edge fillets. The hyperelastic silicone was defined using a Mooney-Rivlin strain
energy potential, assigning a material density of 1.1×10−9 tonnes/mm³. To accurately simulate incompress-
ible volumetric displacement, the internal water volume was modelled as a hydrostatic fluid cavity with a
density of 1.0×10−9 tonnes/mm³ and a fluid bulk modulus of 2200 MPa.
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To replicate the physical kinematics of obstacle traversal, the contact surface was defined as a discrete
rigid body subject to an encastre (fully fixed) boundary condition. Mobility was simulated by driving the
wheel with a prescribed translational velocity (vx = 188.4 mm/s) and an angular velocity (ωz =−2.898 rad/s,
for the 130 mm baseline, scaled accordingly for alternative diameters), while all remaining degrees of free-
dom were constrained. Finally, to prevent volumetric locking and ensure numerical stability during severe
hyperelastic deformation, the wheel geometry was discretised using a free mesh of C3D10M elements (10-
node modified quadratic tetrahedrons) with a global element seed size of 6 mm.

Figure 4.1: FEA simulation environment 130x100 mm wheel. This
model utilises sequential 10 mm step increments to evalu-
ate passive compliance during traversal, with the red arrow
indicating the simulated direction of motion.

Figure 4.2: Friction measurement
setup used for empirical
model calibration.

4.2.2. EMPIRICAL CALIBRATION

To ensure the computational model accurately captures the real-world mechanics of the flexible wheel,
the FEA parameters were empirically calibrated. A bench-top experimental apparatus was constructed to
physically quantify the requisite boundary forces, explicitly isolating both the structural stiffness and the
dynamic rolling friction of the prototype.

Through a series of controlled force-displacement tests (Figures 4.2 and C.1a), the macroscopic, non-
linear deformation behaviour of the wheel was systematically measured. The resulting empirical data sets
(Figure C.2) served as the quantitative baseline for calibrating the simulation.

Subsequently, an iterative parameter identification process was employed within Abaqus to align the sim-
ulated force-displacement response with the physical measurements (Figure C.3). By tuning the material
constants to match the empirical values, the optimal material and contact properties for the constitutive
model were identified. This calibration yielded the strongest correlation with the physical prototype using
the following parameters:

• Hyperelastic constant C10: 0.3

• Hyperelastic constant C01: 0.04

• Material incompressibility parameter D1: 0.1

• Coulomb friction coefficient: 0.8
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4.2.3. SIMULATION

To evaluate the mechanical behaviour of the flexible wheel, targeted computational simulations were con-
ducted by altering specific parameters. The wheel’s performance was systematically evaluated by indepen-
dently varying three key dimensions. First, the structural thickness was tested at 2 mm, 4 mm, and 6 mm.
Next, the outer diameter was evaluated at 100 mm, 130 mm, and 160 mm (Figure 4.3). Finally, the trans-
verse width was tested at 50 mm, 75 mm, and 100 mm (Figure 4.4). Crucially, to accurately isolate and
compare how these dimensional configurations impact obstacle handling, all variations were tested on the
exact same simulated surface: a fixed topography featuring sequential step perturbations that progressively
increased in height from a baseline of 0 mm up to a maximum of 30 mm in 10 mm increments.

(a) Diameter 100 (b) Diameter 130 (c) Diameter 160

Figure 4.3: Comparison of wheel mesh models with varying outer diameters. The simulation evaluates per-
formance at (a) 100 mm, (b) 130 mm, and (c) 160 mm.

(a) Width 50 (b) Width 75 (c) Width 100

Figure 4.4: Comparison of wheel mesh models with varying transverse widths. The simulation evaluates
performance at (a) 50 mm, (b) 75 mm, and (c) 100 mm.

To evaluate the wheel’s stability on an off-center surface, an additional simulation tested its behavior
under two conditions. First, lateral movement was locked to measure the resulting structural forces; then,
this constraint was removed to observe how the wheel naturally tracks and centers itself.
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Figure 4.5: Finite Element Analysis (FEA) setup for evaluating kinematic stability. This simulation models
the flexible wheel traversing an uncentered obstacle (150 mm radius, 20 mm offset, 4 mm pro-
trusion).

4.3. RESULTS

This section presents the quantitative outcomes of the FEA simulations. To determine the optimal morphol-
ogy, the structural resistance and dynamic kinematic response of the flexible wheel were evaluated across
three varying dimensions: transverse width, membrane thickness, and overall diameter.

First, to evaluate the impact of transverse width, Figure 4.6 illustrates the time-series profiles of the struc-
tural forces acting on the flexible wheels during the simulated obstacle traversal, comparing three different
transverse widths (50, 75, and 100 mm). Figure 4.6a plots the reactive normal force acting along the vertical
axis, while Figure 4.6b captures the corresponding rolling frictional force acting along the axis of travel. As
depicted across these configurations, there is an inverse directional correlation between these two metrics:
the dynamic fluctuations in the frictional drag exhibit a negative mirroring effect, closely reflecting the shift-
ing magnitudes of the normal force in the negative magnitude throughout the timeline. Furthermore, the
simulation data reveal that both forces scale proportionally with the dimension of the wheel. The narrowest
wheel (Width 50) exhibits the lowest structural resistance, generating a peak normal force of approximately
15 N and a minimal corresponding frictional drag. Conversely, as the width increases to 75 and 100, the
peak normal forces rise significantly to roughly 30 N and 45 N, respectively, resulting in a proportionately
larger frictional force exerted on the wider wheels.

(a) Normal Force (N) (b) Frictional Force (N)

Figure 4.6: Simulated structural force profiles for flexible wheels of varying transverse widths, showing (a)
the reactive normal force and (b) the rolling frictional force. The data indicates that force magni-
tudes scale proportionally with wheel width.

Then, Figure 4.7 illustrates the effect of wheel thickness on the resulting force over time. The primary
trend clearly shows that increasing the thickness of the wheels leads to significantly higher overall and peak
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forces. Furthermore, while the absolute force values differ, the force-time behaviour for the wheels with
thicknesses of 4 and 6 is remarkably similar, with both displaying comparable plateaus and peak patterns.
In contrast, the thinnest wheel (thickness 2) exhibits a noticeably different, more gradual response profile
throughout the simulation compared to the thicker models.

Figure 4.7: Simulated structural force profiles for flexible wheels of varying layer thickness. Increasing thick-
ness from 2 mm to 4 mm and 6 mm results in significantly higher forces.

The graph (Figure 4.8) illustrates a clear inverse relationship between the wheel’s diameter and the peak
forces experienced during obstacle traversal. The smallest wheel (Diameter 100) exhibits an extreme force
spike exceeding 200 N later in the simulation. In stark contrast, as the diameter increases to 130 and 160,
the overall force profiles become significantly smoother and lower in magnitude, with peak forces dropping
drastically to approximately 45 and 25 N, respectively.

Figure 4.8: Simulated lateral response during off-centre obstacle interaction. The data illustrates (a) the
corresponding lateral displacement (U3) when allowed to move freely and (b) the induced lateral
force under locked conditions. The results shows that off-centre impacts generate a restorative
forces to automatically centre the system’s alignment.

Having established the structural forces during linear traversal, the final simulations evaluated the dy-
namic kinematic response of the system, further simulations modelled the wheel rolling over an uncentered
cylindrical substrate to analyse the lateral stability. The simulated lateral displacement data demonstrates
that the flexible wheels passively stabilise, naturally correcting their trajectory to remain centred on the
underlying structure (Figure 4.9a). Additionally, these simulations successfully quantified the magnitude
of the transverse restorative force responsible for driving the wheel back toward this central mechanical
equilibrium (Figure 4.9b).

28



(a) Displacement (mm) (b) Lateral Normal Force (N)

Figure 4.9: (a) Lateral normal force with lateral movement locked and (b) lateral displacement (U 3) with
lateral movement unlocked for the off-centre test setup.

4.4. DISCUSSION

The primary objective of this chapter was to isolate the fluid-filled flexible wheel architecture and compu-
tationally evaluate its non-linear deformation mechanics. To directly address the sub-question regarding
how geometric dimensioning affects structural behaviour and stability during obstacle traversal, this re-
search concludes that the wheel’s kinematic performance is significantly influenced by a balance between
its width, thickness, and overall diameter, while its internal dynamics lead to auto recovery.

While exploring the geometric proportions, the simulation data revealed a direct, proportional relation-
ship between the width of the wheel and the resulting structural forces. The wider wheel configurations
generated significantly higher reactive normal forces and frictional drag compared to narrower models.
This behaviour can be attributed to the larger contact patch and the increased mass of the internal fluid
volume, which together generate higher structural resistance.

Similarly, increasing the membrane’s thickness from 2 mm to 4 mm and 6 mm increases this structural
stiffness. A thicker hyperelastic wall inherently requires more mechanical work to stretch, resisting initial
deformation so that the thicker wheels temporarily act as semi-rigid bodies upon impact, generating severe
force spikes before the bulk material finally yields. In contrast, the highly compliant 2 mm membrane yields
easily upon impact, smoothly conforming to the obstacle to produce a gradual, dampened force profile.

Just as membrane thickness determines localised stiffness, the overall diameter also dictates the wheel’s
ability to passively deform. The simulation data points to two practical reasons for the inverse relationship
between wheel diameter and peak force. First, larger wheels (e.g., 160 mm) benefit from both their geom-
etry and their internal volume. A larger diameter engages fixed-height obstacles at a shallower approach
angle, which reduces sudden impacts. Simultaneously, the larger internal fluid volume easily accommo-
dates the obstacle’s shape without causing severe pressure spikes inside the wheel. Second, this behaviour
changes completely when the wheel is too small for the obstacle, as seen with the 100 mm configuration.
The extreme force spike generated by this smallest wheel is not just the result of a steeper approach angle; it
likely indicates that the wheel has simply run out of room to compress. The 100 mm wheel lacks the internal
cavity volume to fully absorb the protrusion, forcing the membrane to deform inward until it "bottoms out"
against the rigid central hub. At this point of maximum compression, the wheel loses all compliance and
effectively acts as a rigid body, causing the severe force spike.

Beyond morphological simulations, stability simulations of the highly compliant wheels revealed a pas-
sive auto-centring capability when navigating uncentred obstacles. It is hypothesised that this auto-recovery
is fundamentally driven by internal membrane mechanics. When the wheel encounters an off-centre ob-
struction, the elastomeric exterior undergoes asymmetrical deformation, generating a significant internal
tensile stress, or "membrane force," as the continuous material resists the localised strain. As this tensile
force pulls inward to return the wheel to its lowest energy state, it resolves into a net transverse restorative
force. Consequently, the wheel is passively pulled inward, automatically correcting its trajectory to maintain
central alignment over the geometry without the need for active steering.

Furthermore, it is critical to acknowledge that the empirical data used to calibrate the finite element
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model inherently contains physical deviations from the idealised computational setup. While the Abaqus
simulation strictly isolates the hyperelastic deformation and rolling friction of the wheel, the physical bench-
top calibration apparatus introduced several unmodeled forces. Specifically, the measured force-displacement
results absorbed additional mechanical resistance from the friction of the bearings, the tension of the ac-
tuation rope, and the sliding of the central shaft along its track. Because these systemic frictional forces
were present in the physical trial but absent in the digital environment, the resulting calibrated material
parameters (such as the hyperelastic constants) likely overcompensate slightly to account for the test rig’s
mechanical resistance. Consequently, while the calibrated model provides a functional baseline, it does not
perfectly isolate the pure material mechanics of the flexible wheel itself.

Finally, while morphological optimisation was not explored in this phase, future iterations should tran-
sition the flexible wheel from its current flat-sided profile to a concave, U-shaped cross-section featuring
outward-curving, filleted sidewalls. This geometric shift primarily addresses two critical mechanical fac-
tors: stress distribution and macroscopic stability. First, flat sided designs contain sharp, 90 degree corners
that act as stress concentrators. Replacing these with curved, filleted sidewalls eliminates these vulnera-
ble weak points. By smoothing the geometry, these rounded transitions more evenly distribute volumetric
compressive and tensile stresses across the entire membrane during obstacle impacts, mitigating sharp lo-
calised strains and significantly enhancing the wheel’s operational longevity. Second, a U-shaped geometry
naturally nests against the convex subsea pipe, functioning much like a saddle, which will increase the sta-
bility.
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5. CASE STUDY/LESSONS LEARNED

Following the subsystem evaluation, integration and computational modeling established in preceding
chapters, this chapter presents a case study to empirically validate the physical performance of the inte-
grated CRAB prototype. To systematically assess the robotic carrier’s operational viability, a series of tests
were designed to test its performance against the behavioural requirements. Section 5.1 details the exper-
imental setup utilised to isolate and evaluate the system’s core kinematics, specifically focusing on grip-
ping, variable circumference locking and obstacle handling. Section 5.2 presents the observable results and
mechanical outcomes derived from these trials. Finally, Section 5.3 provides a critical discussion of these
findings, analysing the prototype’s traversal successes, structural limitations, and the underlying kinematic
causes of any observed mechanical failures.

5.1. EXPERIMENTAL SETUP

To systematically evaluate the mechanical viability and kinematic performance of the integrated CRAB pro-
totype, a series of controlled empirical trials was conducted. The experimental setup was explicitly designed
to isolate and observe the system’s response to the core behavioural requirements.

5.1.1. GRIPPING

To empirically validate the system’s geometric compliance and adaptive grasping capabilities, an enclosure
test was performed, which is schematically shown in Figure 5.1. The CRAB prototype was positioned on
a flat surface with and without a pipe (pipe with 300 mm diameter); tension was incrementally applied to
the primary actuation tendon. To generate the necessary winding torque on the central aluminium spool,
a motorised drill was utilised. This controlled actuation isolates the kinematic trajectory of the underac-
tuated flexure arms, evaluating their ability to achieve a continuous enclosure and successfully engage the
magnetic lock. Validating this wrapping motion is critical, as it demonstrates that the inherent material
compliance of the tendon-driven architecture can achieve a locked state without requiring complex, multi-
joint active control.

Figure 5.1: Schematic of the empirical test setup used
to validate the tendon-driven gripping kine-
matics. The schematic defines the con-
trolled, drill-actuated trajectory used to
physically verify the enclosure capabilities of
the tendon arms.

Figure 5.2: Schematic of the empirical test setup
used to evaluate the variable circum-
ference lock. This setup illustrates
how drill actuation is applied to eval-
uate whether the CRAB can tighten
its grip without decoupling.
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5.1.2. VARIABLE CIRCUMFERENCE LOCKING

To empirically evaluate the efficacy and structural robustness of the variable circumference locking mech-
anism, a controlled test was conducted, which is schematically shown in Figure 5.2. Initially, the CRAB
prototype is brought into a fully closed and magnetically engaged position. Subsequently, continuous ten-
sion is applied to the tendon line utilising the same motorised actuation method established during the
gripping test to further reduce the system’s circumference while maintaining the locked state.

This experimental setup actively forces the magnetic slider to translate along its rail under actuation.
Evaluating the system’s response to this actuation will verify whether the inherent compliance of the archi-
tecture allows the robotic device to accommodate varying structural diameters.

5.1.3. OBSTACLE HANDLING

A controlled test was conducted to empirically validate the system’s passive obstacle-handling capabilities,
as illustrated in Figure 5.3. During the test, the CRAB prototype was manually translated along the longi-
tudinal axis of a 300 mm diameter cylindrical pipe. To simulate different severities of subsea biofouling,
this test structure was fitted with rigid, discrete radial protrusions with radius of 30 mm, 40 mm, 50 mm,
and 60 mm (Figure 5.4). Guiding the device over these geometries facilitated direct observation of wheel
deformation and, working in tandem with the magnetic slider, demonstrated the CRAB prototype’s obstacle
handling capabilities.

Figure 5.3: Schematic representation of the CRAB
prototype moving along the cylindrical
test setup, with its movement path indi-
cated by red arrows.

Figure 5.4: Experimental setup for obstacle han-
dling, featuring a 0.3 m diameter pipe
with rigid protrusions of 30, 40, 50, and
60 mm radius.
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5.2. OBSERVATIONS

This section presents the empirical outcomes derived from the physical tests. The findings are systemati-
cally categorised to reflect the CRAB prototype’s performance across its behavioural requirements: gripping
(Section 5.2.1), variable circumference locking (Section 5.2.2) and obstacle handling (Section 5.2.3). The
objective of this section is to report the observable mechanical behaviours, kinematic responses, and phys-
ical failure thresholds encountered during testing. An analysis of these outcomes, including the underlying
causes of mechanical failures and subsequent design implications, is deferred to the Section lesson learned
5.3.

5.2.1. GRIPPING

During the enclosure test, the actuation of the CRAB prototype was successful (Figure 5.5), showcasing the
ability to enclose diameters of 300 mm in diameter. Following the application of tension to the primary ten-
don, the underactuated flexure arms executed an enclosing trajectory. This kinematic motion demonstrated
the inherent material compliance of the design, allowing the arms to form the required circular enclosure
and successfully align and engage the magnetic lock. Ultimately, these empirical results validate the sys-
tem’s ability to achieve a secure grasp utilising a simple, tendon mechanism without the need for complex
active control (see Figure 5.5).

(a) Open CRAB (b) CRAB closed and locked (c) Gripping 300 mm diameter

Figure 5.5: Supplementary visual documentation, in the attached files, of the gripping results. The footage
validates the CRAB prototype successfully executing its enclosing trajectory both in free space
and around a target pipe.

5.2.2. VARIABLE CIRCUMFERENCE LOCKING

The empirical evaluation of the variable circumference locking mechanism demonstrated significant lim-
itations (see Figure 5.6). During the dynamic adjustment trial using a motorised drill at half power, the
magnetic slider only moved a minimal amount. However, the slider moved easily with negligible resistance
when a light force was applied directly parallel to its linear rail, by hand (Figure 5.6b). The results of these
tests are analysed further in the Section Lessons Learned 5.3.
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(a) Actuated by drill (b) Actuated by hand

Figure 5.6: Supplementary visual documentation, in the attached files, showing the variable circumference
locking results. The video data captures the system’s restricted movement when driven by the
central spool, alongside the negligible resistance observed during manual actuation.

5.2.3. OBSTACLE HANDLING

Empirical testing demonstrated that the CRAB prototype successfully navigated radial obstacles measuring
30 mm, 40 mm, and 50 mm without mechanical stalling. However, the system exceeded its operational
threshold during the 60 mm obstacle, resulting in a structural rupture of one of the flexible wheels (see Fig-
ure 5.7). This material failure highlights a critical limitation in the current iteration’s design, the mechanical
causes and implications of which are analysed comprehensively in the Section Lesson Learned 5.3.

(a) Compliance of 50 mm obstacle. (b) Wheel rupture at 60 mm obstacle.

Figure 5.7: Supplementary visual documentation, in the attached files, showing the obstacle handling re-
sult. These recordings verify the CRAB’s ability to navigate simulated biofouling (30–50 mm)
without mechanical stalling. The footage captures the subsequent structural failure at the 60
mm protrusion.
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Radial Obstacle
Height (mm)

30 40 50 60

Figure 5.8: CRAB obstacle handling evaluation: Successful traversal up to 50 mm (green checks) followed by
failure at 60 mm (red cross).

5.3. LESSONS LEARNED

To directly address the sub-question regarding the system’s operational capabilities, the empirical trials suc-
cessfully validated the prototype’s primary operational sequence. By applying incremental tension to the
primary actuation tendon, the underactuated flexure arms reliably executed an enclosing trajectory, achiev-
ing a stable, enveloping enclosure around a 300 mm diameter pipe. This unhindered wrapping motion
demonstrated that the inherent mechanical compliance of the tendon-driven architecture can effectively
achieve a secure grasp and facilitate the correct spatial alignment required to engage the magnetic lock, all
without the necessity for complex control systems. Crucially, establishing this secure baseline enclosure
on the 300 mm pipe allowed the prototype to subsequently satisfy its mobility requirement, successfully
navigating simulated radial marine biofouling up to 50 mm in height along that same structure without
mechanical stalling.

However, pushing the system beyond this to a 60 mm protrusion exposed a critical physical failure. This
obstacle induced a rupture in the flexible wheel, which propagated along a previously identified weak layer
3.4.2. This failure was mechanically exacerbated by the placement of the internal bearing; because the
bearing did not completely support the seam, the overhanging material was subjected to acute shear forces.
While continuous underlying bearing support would likely prevent this specific rupture, the event highlights
the limitations of the current fabrication methodology and reinforces the need to transition to single-piece
continuous casting to ensure operational longevity, supporting this suggested improvement in Subsection
3.5.

Furthermore, the empirical evaluation of the variable circumference locking mechanism revealed severe
kinematic conflicts. The system experienced significant resistance generated by both the flexible wheels
and the sliding magnetic lock. While moving the magnetic slider by hand demonstrated negligible resis-
tance, when actuated by the drill, severe resistance was observed. The spatial trajectory of the grasping
motion structurally constrains the sliding element. Instead of translating parallel to the linear rail, the grip-
per arms impart a angular misalignment. This off-axis load drives the slider against the rail walls, causing
it to jam. To resolve this kinematic conflict in future iterations, two primary architectural modifications
are proposed: significantly decreasing the width of the sliding element to increase its tolerance for angular
misalignment, or fundamentally redesigning the linear track into a accurately calculated curved rail that
matches the wrapping trajectory of the gripper arms.

Although empirical validation was strictly restricted to cylindrical test structures, the inherent compli-
ance of the tendon-driven soft gripper suggests the architecture could theoretically accommodate more
complex, continuous geometries. Ultimately, these empirical trials successfully validated the CRAB proto-
type’s foundational concept. Moving forward, addressing the critical mechanical thresholds exposed during
testing, specifically material rupture and stalling of the magnetic slider, establishes a clear roadmap for the
next phase of development.
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6. CONCLUSION

This final chapter synthesises the theoretical analyses, computational modelling, and empirical findings of
this research to evaluate the overall viability of the CRAB prototype. The overarching objective of this thesis
was to develop an adaptive, continuous-motion underwater device capable of overcoming the geometric ir-
regularities and biological unpredictability inherent in unstructured subsea infrastructure. To address this
complex challenge, the research systematically progressed from the morphological evaluation of isolated
mechanical subsystems to the physical integration and empirical validation of the CRAB. Section 6.1 di-
rectly answers the foundational research questions, presenting the final conclusions drawn from the proto-
type’s successes and physical failure thresholds. Subsequently, Section 6.2 critically examines the material,
kinematic, and methodological limitations encountered during this initial proof-of-concept phase. Finally,
Section 6.3 outlines targeted recommendations for future work, emphasising the necessary morphologi-
cal evolutions and structural refinements required to advance the system toward robust, autonomous field
deployment.

6.1. SUMMARY OF FINDINGS

The overarching objective of this research was to develop an adaptive underwater device to overcome the
geometric irregularities and biological unpredictability inherent in subsea infrastructure. To address this
complex mechanical challenge, the problem was divided into discrete inquiries evaluating subsystem via-
bility, physical integration, morphological optimisation of the flexible wheels, and physical tests.

Regarding the necessary mechanical subsystems, a morphological map and empirical evaluation estab-
lished that a tendon-driven gripper utilising a three-link, two-flexure configuration successfully balances
the required kinematic predictability with the spatial flexibility needed to adaptively enclose subsea pipes.
To achieve continuous mobility over irregular marine growth, passive water-filled flexible wheels were iden-
tified as the optimal architecture to prevent mechanical stalling. Furthermore, a passive permanent mag-
netic sliding lock was selected to provide dynamic coupling.

Computational analysis evaluating the morphology of the fluid-filled wheels established a proportional
relationship between the wheel’s transverse width and both its reactive normal force and frictional drag.
Furthermore, it demonstrated that increasing the thickness of the silicone also results in a increase in these
normal forces. Conversely, increasing the overall wheel diameter was shown to decrease resistance and
improve passive compliance during obstacle handling. Dynamic simulations also confirmed that the fluid-
filled wheels possess inherent passive auto-centering capabilities when rolling over uncentered cylindrical
surfaces.

Finally, physical trials tested the operational capabilities of the prototype and showcased the proof of
concept, demonstrating that the CRAB can successfully achieve a grasp (around a pipe with a 300 mm di-
ameter). Furthermore, the system demonstrated the capacity to navigate radial obstacles up to 50 mm in
radius without stalling. However, limitations were shown when a 60 mm obstacle induced a structural rup-
ture in the flexible wheel, and variable circumference locking attempts failed when angular misalignment
caused the sliding track to jam.

Ultimately, the physical trials showcased the proof of concept by successfully executing the system’s pri-
mary operational sequence: the CRAB prototype encloses a 300 mm diameter pipe and navigates simulated
radial biofouling up to 50 mm in radius without mechanical stalling. By achieving this mobility, the empiri-
cal findings confirm that relying on passive material compliance offers a viable foundational methodology
for moving along unstructured subsea infrastructure.
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6.2. LIMITATIONS

The findings of this CRAB device are subject to several specific mechanical, material, and methodological
limitations:

• Material fragility: The selection of Dragon Skin 30 silicone for the compliant membranes, 3D-printed
PLA CF for the structural components and the internal bearings was dictated primarily by rapid pro-
totyping constraints. For future development, it is important to recognise that these specific materials
are not superior to other available options.

• Fabrication inconsistencies: The multi-part moulding process utilised for the flexible wheels created
structurally weak seams that proved vulnerable to stress, leading to the wheel rupturing on the 60 mm
obstacle. Additionally, manufacturing variations in the 3D-printed bearing components introduced
unpredictable and inconsistent rolling friction across the four wheels.

• Magnetic slider: The linear magnetic track design proved geometrically incompatible with the non-
linear spatial trajectory of the wrapping gripper arms. This discrepancy introduced severe off-axis
loading and angular misalignment, causing the slider to jam against the rail walls and substantially
increase the system’s kinetic friction.

• Flexible wheel shape and internal material: The current flat-sided cross-sectional profile of the flexible
wheel, and its internal water fluid, are not optimised.

• Drive mechanism and payload integration: Drive systems and inspection payloads were intention-
ally excluded from this prototyping phase to strictly isolate and validate the robot’s core behavioural
requirements. Because of this, the prototype’s macroscopic stability and active mobility in motion
remain unverified. Transitioning to a field-ready platform will require substantial structural modifi-
cations to accommodate these heavy components.

• Dynamic stability: Apart from the deliberate exclusion of a physical continuous drive mechanism, the
macroscopic stability of the system in motion remains unverified. Maintaining dynamic equilibrium,
specifically preventing the chassis from unpredictable pitching, rolling, or wedging, is paramount.
Without stable kinematics during active motion, the system is highly susceptible to mechanical stalling,
regardless of the wheels’ individual compliance. Therefore, a more in-depth, comprehensive analysis
of the system’s rolling dynamics and macroscopic stability is required.

• Infrastructure geometry: Empirical validation was strictly restricted to continuous, cylindrical test
structures. The system was not tested on non-cylindrical or discontinuous surfaces.

In conclusion, while the CRAB prototype successfully demonstrates passive compliance, its operational
viability is hindered by critical limitations. The use of rapid-prototyping materials restricts durability and
introduces structural inconsistencies. Furthermore, kinematic conflicts within the variable circumference
locking mechanism lead to jamming. Finally, the system’s dynamic stability remains entirely unverified due
to the exclusion of continuous drive systems and payload integration, and its traversal capabilities were
solely validated on continuous cylindrical test structures. Acknowledging these material, kinematic, and
methodological constraints establishes a clear roadmap for necessary future refinements.

6.3. FUTURE WORK

To advance the CRAB architecture toward robust operational deployment, future research and development
must prioritise the following iterative design improvements:

• Material: Transitioning from rapid-prototyping silicones to industrial-grade marine rubbers or spe-
cialised polyurethane blends is essential for achieving long-term subsea abrasion resistance. Ad-
ditionally, replacing the 3D-printed PLA CF used for structural components and internal bearings
with more robust, long-lasting materials is important for ensuring the system’s overall operational
longevity.

• Fabrication improvements: Redesigning the flexible wheel moulds to facilitate a single-piece, contin-
uous cast will eliminate structural weak points at the seams and significantly reduce manufacturing
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variables.

• Kinematic refinement of the magnetic slider: To resolve this mechanical jamming, future iterations
must either redesign the linear rail into a curved track that aligns with the gripper arms’ natural tra-
jectory or significantly reduce the width of the sliding element to increase its tolerance for angular
misalignment.

• Morphological redesign of wheels and internal fluid selection: To optimise stress distribution and dura-
bility, the flat-sided geometry should transition to a concave, U-shaped cross-section with filleted
sidewalls. Eliminating sharp 90-degree corners removes critical stress concentrators, distributing de-
formation forces evenly to prevent material rupture. Furthermore, this U-shape acts as a mechanical
saddle; any lateral drift asymmetrically stretches the membrane against the pipe’s curve, generating a
restorative force that naturally drives passive auto-centring. Additionally, replacing the internal water
volume with non-Newtonian shear-thickening fluids (STFs) could provide inherent passive damping
against dynamic collisions. Crucially, the efficacy of these structural and fluidic modifications can be
evaluated using Abaqus simulations.

• Payload and drive integration: Subsequent iterations must integrate reliable, continuous drive sys-
tems and a payload. This will require substantial structural modifications to accommodate the in-
creased payload without compromising the established adaptive kinematics.

• Dynamic stability: A critical requirement for transitioning the CRAB from a proof-of-concept to a
field-ready device is a comprehensive analysis of its macroscopic stability. Future research must eval-
uate the system’s dynamic stability when navigating irregular infrastructure. This investigation should
quantify the kinematic limits required to maintain geometric equilibrium and prevent the chassis
from pitching, rolling, or mechanically wedging during continuous mobility.

• Discontinuous infrastructure: Addressing the complex dynamics of discontinuous infrastructure re-
quires a fundamental reevaluation of the initial morphological assumptions governing the mobility
and drive subsystems. While the current single-plane grasping mechanism can be sufficient for con-
tinuous cylinders, it inherently lacks the macroscopic stability required to navigate discontinuous
infrastructure. A highly promising direction for this morphological evolution is the transition to a spa-
tially distributed, parallel dual-gripper architecture, conceptually similar to the AURI device. By util-
ising two sets of wheel-equipped gripper arms oriented parallel to one another with a defined spatial
separation, this multi-segment configuration would bridge the structural voids between discontinu-
ous infrastructure. This ensures continuous multi-point contact, thereby providing the uninterrupted
traction and structural stability necessary for active mobility on highly discontinuous infrastructure.

As global offshore infrastructure expands into deeper, more challenging environments, the demand for
adaptable inspection technologies will only intensify. While the current CRAB prototype must still over-
come immediate kinematic and material hurdles, solving these challenges lays the groundwork for a funda-
mental paradigm shift in subsea maintenance. By transitioning away from destructive "clean-and-traverse"
crawlers in favour of the Compliant Robotic Architecture for Biofouling (CRAB), future iterations of this sys-
tem offer great potential. They stand to drastically reduce operational downtime, prevent abrasive damage
to vital pipelines, and mitigate environmental disruption, ultimately safeguarding the critical underwater
infrastructure that power and connect the modern world.
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A. COMPONENTS OF CRAB

Figure A.1: Aluminium coil

Figure A.2: CAD model of the structural link integrated with the bearing. The left bearing housing is hidden
and surrounding components are rendered transparent to reveal the internal assembly.
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Figure A.3: Link with bearing

Figure A.4: Big magnet
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Figure A.5: Small magnets

B. FABRICATION OF THE FLEXIBLE WHEEL

Figure B.1: Joining top and bottem of the wheel, with bottles as weights to ensure proper sealing.
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C. EMPIRICAL SETUP

(a) Stiffness measurement

Figure C.2: Test setup results

Figure C.3: Model calibration to fit test setup results

D. FIRST ITERATION CRAB PROTOTYPE

The first iteration was printed with 2 layer thickness PLA. Because of strength concerns, test where con-
ducted in water, however it still broke.

44



Figure D.1: Open gripper

(a) Closed gripper (b) Fully closed gripper

Figure D.2: Comparison of the gripper in the closed and fully closed positions.
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Figure D.3: CRAB in water.

Figure D.4: Breaking point (with unsuccessful duct tape as a solution)
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