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Abstract

The mussel byssus system, consisting of the proximal thread, distal thread,
and adhesive plaque, enables marine mussels to attach securely to vari-
ous surfaces and withstand sea waves. Extensive research has been con-
ducted to analyse this natural system’s chemical and structural composi-
tion. However, while the chemical properties of the mussel byssus system
are well understood, its mechanical properties and potential biomimetic
application require further investigation. This thesis aims to enhance our
understanding of the mechanics and biomimicry of the mussel byssus sys-
tem through three key aspects: (1) determining the mechanical behaviours
and microstructural characteristics of the mussel byssus system’s each com-
ponent, (2) examining the impact of plaque microstructure on its tensile
behaviour and inspired disordered porous structure design, and (3) showing
a preliminary biomimetic example based on the microstructure of the mus-
sel byssus system: the quasi-static indentation behaviour of carbon fibre

mesh-reinforced linear low-density polyethylene (LLDPE) foams.

Firstly, scanning electron microscopy (SEM) analysis is employed to inves-
tigate the microstructure of each component of the mussel byssus system,
including proximal thread, distal thread and adhesive plaque. Analyti-
cal and finite element (FE) inverse methods, combined with micro-tensile

and optical tests, are developed to determine the individual mechanical
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behaviours of these three components. It is found that the distal thread
has higher tensile strength, and its tensile properties can be described using
the Ogden constitutive model. In contrast, the proximal thread and plaque
are more deformable. The Neo-Hookean model was applied to represent
their tensile properties, with the residual sum of squares values of 0.0004
N2 and 0.01 mm?, respectively. These findings determine the mussel byssus
system’s mechanical behaviours and microstructure characteristics. Mean-
while, this study demonstrates the feasibility of using inverse methods to

obtain the mechanical behaviours of complex biomaterials.

Secondly, SEM analysis is firstly applied to investigate the hierarchical
porous structure of the mussel plaque core in detail, including porosity and
pore distribution (size and location). Two types of two-dimensional (2D)
porous representative volume elements (RVEs) are generated for qualita-
tive analysis: one type uses scaled large-scale pore distribution parameters
obtained from SEM analysis, and another type analyses the multi-scale
porous structure. The calibrated phase field method is used to assess the
effect of pore distribution and hierarchical structure on the mechanical be-
haviours and failure mechanisms of the porous RVEs. The findings show
that pore distribution and multi-scale porous structure significantly influ-
ence the mechanical properties of RVEs, including strain energy density,
tensile strength, and the final failure strain. This finding can further indi-
cate that mussel plaque’s pore distribution and multi-scale porous structure

might be the key factors that contribute to its high deformability.

Thirdly, the high-strength mussel thread fibres embedded in the highly
deformable porous plaque core inspire us to explore potential biomimetic
applications. Due to the limitations of the experimental conditions, a pre-
liminary attempt was made to manufacture carbon fibre mesh-reinforced

LLDPE foams, where carbon fibre mesh is analogised as the thread fibre,
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and the LLDPE foam is analogised as the plaque foamy core. The quasi-
static indentation (QSI) tests were conducted to examine the QSI behaviour
of carbon fibre mesh-reinforced LLDPE foams. The results show that the
fibre mesh can enhance the indentation resistance of LLDPE foams by re-
ducing sample bending. However, the position of the fibre mesh layers has
minimal impact, while increasing the number of fibre mesh layers can ef-
fectively improve the LLDPE foams’ indentation resistance under framed
support. Two failure modes—fibre breakage and fibre pull-out were also
observed within the fibre mesh layers. Additionally, indenter nose shapes
and support conditions significantly influence the QSI behaviour of the
samples. These findings show the potential to mimic the interaction be-
tween the mussel thread fibres and porous plaque core. Future studies can
focus on accurately replicating the exact structure using three-dimensional
(3D) printing technology and testing the material properties of the unique

composite structure.

This research offers valuable insights into the mussel byssus system’s me-
chanics and potential biomimetic application. Determining the system’s
components’ mechanical behaviours and microstructure composition can
deepen our understanding and inform future mimic designs. The analysis
of the effect of the hierarchical porous structure of mussel plaque on its
mechanical behaviour can inspire further research into disordered porous
structure design. Finally, the experimental analysis of the QSI behaviour of
carbon-fibre mesh-reinforced LLDPE foams inspired by the mussel byssus
system highlights the preliminary biomimetic attempt of this natural sys-
tem and builds the solid foundation for future biomimetic application.
These findings have enhanced our understanding of the mechanics of the

mussel byssus system and inspired future biomimetic designs.
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s normalised mean value of the large-scale pores’
radius
s normalised standard deviation value of the

large-scale pores within generated RVEs
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large-scale pores’ radius

g experimental tensile strain for the distal por-
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w; material parameters of known sub-materials

o3 experimental tensile stress for the distal por-
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d(m) displacement of the overall spring system from

the analytical inverse approach
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d(Cr), elongation of the proximal portion based on
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inverse approach

d° experimental displacement data of the overall

spring system

d"(m) elongation of the unknown submaterial
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d; experimental tensile displacement for the prox-

imal portion

d; experimental tensile displacement for the whole
thread
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F(m) residual vector

f(m) force of the overall spring system from the

analytical inverse approach

F (C’f 1> residual vector for the given material constant
cy
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Ae the strain difference between the initial fail-
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n fracture parameter

%—f rate of the temperature field

v (e, Ve) crack density function

0 predicted value from the linear regression

K1 viscosity parameter

A uniaxial tensile stretch
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(i, yi) pore centre coordinates within the RVE
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corresponding to the lognormal distribution



NOMENCLATURE

0 mean value of the lognormal distribution of

the large-scale pores within the SEM image

Fops scaled mean value of the lognormal distribu-

tion of the large-scale pores within the SEM
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V. spatial gradient
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o) the surface of the volumetric body €2
p density
o uniaxial compressive stress (Chapter 6)
o uniaxial tensile stress (Chapter 4)
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T dissipated crack formation energy density
0 distance between the centres of any two pores

(Chapter 5)
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lected SEM image
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lected SEM image
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%) strain energy density
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D the compressive displacement
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G strain energy rate

g(c) quadratic degradation function
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RQ
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displacement curves (chapter 4)

thermal conductivity (chapter 5)
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total number of selected nodes in each shape
length scale parameter (Chapter 5)

side length of the sample (Chapter 6)
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order of strain energy potential
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Chapter 1

Introduction

1.1 Background

The mussel byssus system comprises the proximal thread portion, the distal
thread portion, and the adhesive plaque portion. It exhibits remarkable
material characteristics such as high tensile strength, deformability, and
durability (Figure 1.1) [1, 10, 11]. These features allow mussels to maintain
their position on rocky shores despite the forces of waves and tides [6, 12—
15]. Due to its distinctive properties, this natural system has captivated

biologists and engineers for decades.

Numerous studies have focused on understanding the microstructural and
chemical compositions of the mussel byssus system’s components using ad-
vanced analytical techniques, including atomic force microscopy (AFM),
scanning electron microscopy (SEM), and spectroscopy [1, 11, 16, 17]. Mus-
sel threads consist of collagen-like proteins that contain silk- and elastin-like
segments (Figure 1.1). These segments exhibit properties similar to nylon

in the distal thread portion and a rubbery elastomer in the proximal thread

10



1.1. BACKGROUND

Primer
Layer

Plague
Foam

Thread
Collagen
Anchor

pre-Collagen D

Distal

L ' Attachment

Mussell

07-GAS0410-003

Figure 1.1: Location of adhesive-related proteins identified in the byssus of
M. edulis. [1]

portion [18]. The fibrous thread core is coated with the cuticle protein mus-
sel foot protein-1 (MFP-1), which contributes to the structural integrity
of the threads (Figure 1.1) [1, 2]. Recent studies have also delved into the
self-healing mechanisms of the proteins within mussel threads and their
interactions with metal ions [19, 20]. Unlike the fibrous core of the mussel
thread, the core of mussel plaque is a hierarchical porous structure (Figure
1.2) [16, 21]. Mfps 1-6 were found in the mussel plaque, with mfp-1, mfp-2,
and mfp-4 contributing to cohesive strength and interaction, while mfp-3,

mfp-5, and mfp-6 contribute to adhesive strength (Figure 1.1) [1, 22-24].

With a more comprehensive understanding of the structural and chemical

composition of the mussel byssus system, researchers began investigating
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depression

Figure 1.2: Morphology and fabrication of the mussel byssus. (a) Photo of
a mussel in the process of extruding threads onto a plexiglass surface with
its foot. Note the many threads already deposited. (b) m-CT image of the
ventral surface of an iodine-stained mussel foot with two sections cut out
to show the inner gland and groove structure in the middle of the foot and
near the distal depression. Byssal threads are synthesized one at a time by
secreting protein building blocks into the groove on the ventral side of the
mussel foot. (c¢) Schematic of a single byssal thread, with scanning electron
microscopy images highlighting the complex micron-scale morphologies of
the protective cuticle (scale bar, 3 mm), fibrous core (scale bar, 5 mm) and
the adhesive plaque (scale bar, 50 mm). [2]

its mechanical properties. Tensile tests were conducted on individual byssal
threads and their components (distal and proximal portions) [25, 26]. The
results demonstrated that the distal portion of the mussel thread has high
tensile strength, approximately twice that of the proximal portion, and is
over 50 times stiffer [26]. In contrast, the proximal portion exhibited high
elasticity under tension, about twice that of the distal portion [26]. This
combined behaviour endows the byssal thread with high tensile strength
and deformability. Dynamic analysis was also conducted on the byssal

thread and its components to investigate the self-healing mechanisms [27—
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29].

The mechanical tests on individual mussel plaques are limited due to their
size and fragility. However, the tensile adhesive tests have been conducted
to analyse the adhesive behaviour of the whole byssus system [6, 26, 30].
A recent study by Desmond et al. (2015) has greatly advanced the study
of mussel plaques by combining the tensile adhesive tests with the optical
tests to demonstrate the deformation and failure modes of plaques at dif-
ferent tensile angles and strain rates [6]. Other studies have also explored
the effects of seasonal variations and environmental factors on the mussel

adhesion [31, 32].
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Figure 1.3: The roles of mussel-inspired chemistry in the fabrication of
anti-biofouling materials and the associated preparation strategies. [3]
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1.2. MOTIVATIONS

The unique protein and structural composition, combined with the mechan-
ical properties observed in the mussel byssus system, has inspired a bur-
geoning research dedicated to biomimicking its characteristics. Biomimet-
ics, or biomimicry, involves studying and imitating natural models to solve
complex human problems [33]. Over the past decades, the mussel byssus
system has inspired the development of advanced materials with appli-
cations (Figure 1.3) ranging from medical adhesives [34] and composite

polymers [35] to self-healing hydrogels [36].

1.2 Motivations

In contrast to the considerable advances in understanding the chemical
composition of the mussel byssus system and its chemical applications,
research on its mechanical properties and inspired biomimetic designs re-
mains comparatively limited. For instance, most studies on the mechanical
properties of the mussel byssus system are experimentally based [6, 26, 30].
However, the fragility and size of the mussel byssus system undoubtedly
increased the difficulty of the experiments. This motivated this research
to develop more methods to investigate the mechanical properties of the

mussel byssus system, such as the analytical method and finite element

(FE) method.

Meanwhile, previous research has explored the relationship between the
microstructure of mussel thread and its mechanical behaviour [25, 26].
However, the effect of the unique porous core of mussel plaque [16] on
its mechanical properties remains unclear, which led us to investigate the
potential link between them and inspire the future design of disordered

porous structures.
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Additionally, most biomimetic applications inspired by the mussel byssus
system were based on its chemical composition [34-36]. Limited biomimetic
research was conducted on this system based on its microstructure or me-
chanical properties. Therefore, a preliminary biomimetic study based on

the microstructure of the mussel byssus system was conducted in this thesis.

By understanding the fundamental mechanics of the mussel byssus sys-
tem and exploring more biomimetic solutions, nature’s ingenuity could be

applied to address contemporary engineering challenges in the future.

1.3 Aim and objectives

This study aims to gain insight into the mussel byssus system’s mechanics
and explore its biomimicry possibilities. Three studies were conducted and
summarised in this thesis to achieve this goal. The corresponding objectives

are summarised below:

e Study 1 - (i) To investigate the difference between the cuticle of
the proximal and distal threads, and the microstructure of the adhe-
sive plaque; (ii) to determine the mechanical behaviours of the distal
thread, proximal thread and adhesive plaque, respectively, using de-
veloped analytical and numerical inverse methods that integrate with

micro-tensile and optical tests (Chapter 4).

e Study 2 - (i) To analyse the pore distribution and multi-scale porous
structure of the mussel plaque foam core using scanning electron mi-
croscope (SEM) analysis; (ii) to understand the effect of pore distri-
bution and hierarchical porous structure on the mechanical behaviour

and failure mechanism of porous RVEs using calibrated phase field
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method (Chapter 5).

o Study 3 - (i) To show a preliminary attempt for the biomimetic
application: carbon fibre mesh-reinforced LLDPE foams, inspired
by the structure of the mussel plaques’ foamy core embedded with
thread fibre; (ii) to investigate the effect of the location and number
of fibre mesh layers on the QSI behaviour of LLDPE foams; (iii) to
study the effect of indenter nose shapes and the type of support on
the QSI behaviour of the carbon-fibre mesh reinforced LLDPE foams
(Chapter 6).

1.4 Thesis overview

This thesis is organised into the following seven chapters:

Chapter 1 - This chapter briefly introduces this thesis’s research back-

ground, motivation, aim and objectives.

Chapter 2 - The literature review outlines the mechanics and biomimicry
of the mussel byssus system, including the microstructures and chemical
compositions of each component of the mussel byssus system (proximal
thread, distal thread and plaque), the mechanical properties of the mussel
byssus system and the development of mussel-inspired biomimetic applica-
tions. The research gaps for each of the fields above are identified in the

literature review.

Chapter 3 - This chapter presents the overarching methodology employed
throughout this thesis. While each findings chapter has its own specific
methodology tailored to its research questions, this chapter provides a com-

prehensive overview of the methodologies employed across the entire thesis.
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It outlines the research design adopted to address the research questions
or hypotheses and describes the overall research approach while objectively

acknowledging the limitations.

Chapter 4 - This chapter examined the material characteristics of the com-
ponents of the mussel byssus system. The mussel byssus system, which con-
sists of the adhesive plaque, distal thread, and proximal thread, is essential
for the survival of marine mussels under turbulent ocean conditions. This
chapter represents the first utilisation of analytical and FE inverse meth-
ods for determining the mechanical behaviours of the mussel plaque and
proximal thread. By employing mechanical and optical measurements, this
reverse methodology provides a straightforward and effective approach to
obtaining mechanical behaviours of various parts of the mussel byssus sys-
tem. This, in turn, offers valuable insights into the potential applications

of mimicking these qualities in material design.

Chapter 5 — To delve deeper into the microstructure of mussel plaques ob-
served in Chapter 4, this chapter focuses on understanding the effect of
the pore distribution and hierarchical porous structure of mussel plaque on
its mechanical behaviours, especially its high deformability. The porous
distribution of mussel plaques was investigated using SEM analysis. Two
types of 2D porous RVEs with scaled large-scale pore distribution param-
eters and structure characteristics of plaque core obtained from the SEM
analysis were generated for qualitative analysis. The calibrated phase-field
method was then applied to interpret the effect of the pore distribution
and multi-scale porous structure on the mechanical performance and fail-
ure mechanism of porous RVEs. The results show that both pore dis-
tribution and hierarchical porous structure could contribute to the high
deformability of porous RVEs and affect mechanical properties like final

failure strain, strength and strain energy density. This indicates that the
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pore distribution and hierarchical porous structure could be the key factors
contributing to the high deformability of mussel plaques. It also provides

valuable insights for designing highly deformable biomimetic materials.

Chapter 6 - Except for the microstructure of mussel plaques, the struc-
ture of the thread fibres embedded into the plaque foam core also caught
our attention. A preliminary biomimetic study was conducted to explore
the potential biomimetic application and understand the reason behind
this unique structure. The carbon-fibre mesh reinforced LLDPE foams
were manufactured, with carbon fibre mesh presenting the ’thread fibre’
and LLDPE foams presenting the plaque foamy core’. The experimental
analysis investigated the impact of fibre mesh positioning and numbering
within LLDPE foams on their QSI response. This chapter also analysed
the effect of indenter nose shapes and support conditions on the QSI re-
sponse of samples. The results show the potential to mimic the composite
structure within the mussel byssus system and build a solid foundation to

investigate its structure’s application further.

Chapter 7 - The main conclusions of this thesis are presented in this chap-
ter. Suggestions for potential future research following this thesis are also

included.

It is noted that symbols defined in one chapter may represent different
physical parameters in another chapter. Appendices and references for

each chapter are compiled at the end of this thesis.
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Chapter 2

Literature review

2.1 The constituents and microstructures of

the mussel byssus system

Mussel byssus systems (Figure 2.1A) consist of threads and adhesive plaques
that enable mussels to adhere to various surfaces under dynamic loading.
This system has attracted considerable attention for its potential to inspire
the development of advanced materials [4]. Therefore, understanding the
constituents and microstructures of the byssus system is a crucial first step

for unlocking its full potential in various applications.

2.1.1 The structural characteristics and chemical com-

position of the byssal thread

Macroscopically, the byssal thread consists of two main parts: the distal
thread and the proximal thread [2, 37, 38]. In the SEM analysis, the prox-

imal thread features a surface adorned with numerous transverse folds and

19
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MUSSEL BYSSUS SYSTEM

small furrows, and the distal part is characterised by a surface dotted with
only small furrows [39]. A transition region has also been found between
these two parts with combined structural features [39]. The length of the
byssal thread varies according to the species and the specific environmen-
tal conditions, with adult mussels having threads between 2 and 6 cm in
length [2, 40-42]. Typically, the length of the distal portion is around 80%
of the total length of the thread, and the proximal portion comprises the
remaining 20% [29]. Thread diameters also vary depending on the species

or environment but are generally in the range of 0.1-0.2 mm [2, 43-45].

The byssal thread contains a fibrous core covered with a proteinaceous
cuticle layer (Figure 2.1B). The protective cuticle layer has a granular ap-
pearance which is made up of mussel foot proteins and Fe-catecholate com-
plexes (Figure 2.1B) [46-51]. The unique chemical composition provides
remarkable hardness, high deformability, and self-healing ability [20]. For
instance, the cuticle layer can be extended up to 100% of its original length
before cracking, which is believed to be facilitated by its function as sacri-
ficial load-bearing cross-links [47, 52]. Meanwhile, the cuticle has hardness
and stiffness values similar to those of epoxy resins, being 4 to 5 times
stiffer than the fibrous core, while maintaining high elongation at break
[47, 53]. This makes it a prime example of a high-performance coating that

combines hardness with exceptional elongation [54].

In addition to the cuticle layer, researchers have also studied the fibrous core
of the byssal thread in depth [10, 55-57]. Three different partial collagen-
like sequences of the byssal thread core were first obtained by Waite et al.
(1998) and given the name pre-pepsinised collagens (PreCols) [55]. The
PreCols have a modular structure similar to a block copolymer, consisting
of a stiff collagen core domain, variable flanking domains on either side

and two terminal histidine-rich domains (Figure 2.1C) [35, 58]. The stiff
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collagen core domain of PreCols in byssal threads is a critical structural
element that contributes to the mechanical properties and self-assembly of
the threads. The core collagen domain in PreCols displays the character-
istic Gly-X-Y motif, creating a triple helical structure about 150 nm long,
which shapes the fibrous structure and contributes to the high stiffness of
the threads [59]. Researchers also suggest that this may be responsible for
the kinked central collagen domains of the PreCols [40, 60, 61]. This col-
lagenous core domain is flanked by variable domains with three variants:
preCol-D, preCol-NG, and preCol-P [40, 55]. PreCol-D, which has silk-
like polyalanine runs, is mainly found in the distal portion of the byssal
thread. In contrast, preCol-P, which has elastin-like polyalanine runs, is
mainly found in the proximal portion [35, 55]. The preCol-NG with the
Gly-rich flagelliform silk sequence is distributed along the entire thread
[35, 55]. The inhomogeneous distribution of PreCols is considered to be a
key factor that contributes to the difference in mechanical properties be-
tween the distal and proximal threads (Figure 2.1E) [25]. Moreover, the
histidine-rich domains are situated at both the N- and C-terminal ends of
all PreCols [59]. These domains contain a high concentration of histidine
residues, which are believed to play a crucial role in thread assembly and
self-healing [59]. This is due to their responsiveness to pH changes and
their capacity to bind transition metal ions like Zn2+ and Cu2+ (Figure
2.1D) [59]. Histidine-rich domains contain metal binding and cross-linking
sites that can create covalent cross-links using 3,4-dihydroxyphenylalanine
(DOPA) residues and metal coordination complexes, which offer sacrificial
bonds for strength and self-repair [2, 59, 62] (Figure 2.1F). Seven preCol
triple helices then combine to create a 6 + 1 hexagonal bundle, serving as
the primary unit in thread construction [19, 63]. Furthermore, two other
distinct non-collagenous matrix proteins, thread matrix protein-1 (TMP-1)

and proximal thread matrix protein-1 (PTMP-1), may contribute to the
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mechanical gradient due to the uneven distribution along the byssal thread
2, 64].

A Mytilus californianus B byssal thread (o] preCol preCol D
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Figure 2.1: (A) A Mytilus californianus mussel adhered to a surface using
its byssus. (B) SEM of byssal thread torn open revealing core and cuticle.
(C) A diagram illustrating the hierarchical arrangement of preCol proteins
in the core. (D) A diagram illustrating the coordination link between His
and Zn in His-rich regions of preCols. (E) Stress—strain curves for the distal
and proximal threads. (F) The cyclic stress-strain curve of the distal thread
shows a significant hysteresis in the initial cycle, damage in the subsequent
cycle, and a self-healing response in the third cycle. The schematics show a
hypothesised double network model that includes sacrificial bonds (His-Zn
cross-links) and an elastic network (cross-beta sheet surrounding domains).
[4]

2.1.2 The structural characteristics and chemical com-

position of the mussel plaque

The mussel plaques have a multi-scale porous microstructure with large
pores in the 1-3 pum range and small pores in the 75-130 nm range (Figure
2.2d) [16]. The porous structure of plaques is critical for accommodating
microstructural damage, dissipating fracture energy and increasing adhe-

sive strength, which makes it a vital aspect of plaques’ functionality [65-68|.
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The porous core of the mussel plaque was also protected by the outer cuti-
cle layer like mussel thread [5]. Interestingly, the generation of pores with
the plaque core is related to the seawater PH values, whereas the devel-
opment of the cuticle is not [21]. Additionally, the collagenous fibres from
the thread’s core extend to the plaque’s porous core, as the roots of trees

(Figure 2.2C) [4, 5].

Figure 2.2: The ultrastructure of a byssal adhesive plaque. (a) A byssated
mussel showing the orientation of the sampled adhesive plaque (red). (b)
Microscopic, reflected light image of a single attached plaque of Mytilus cal-
ifornianus. The underlying foam-like structure causes the light-scattering
effect (white). The purple dashed line indicates the position of the freeze
fracture. (c) Scanning electron microscope view of a freeze-fractured plaque
illustrating the cuticle (Cut), the collagen fibers (Col) from the core, and
the foam (Fo). (d) An enlargement of the foam-like structure shown in the
blue boxed region in panel c. (e) The interfacial region between the plaque
and the substratum shown in the yellow boxed region in panel c. A number
of pillars (arrows) remain intact despite partial plaque delamination due
to drying. [5]

In addition to the complex plaque structure, the different proteins that
make up the structure have been the research focus for the past decades.
Mfp-1 is mainly located in the cuticle layer of the mussel byssus system
[69-71]. It is a m-rich polymer with high water solubility and modest levels

of Fe3+ [69-71]. The water-soluble and protective characteristics allow it
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to improve the plaque’s adherence to different surfaces by forming a sta-
ble and long-lasting coating (Figure 2.3a) [69-71]. Meanwhile, five distinct
proteins, mfp-2, mfp-3, mfp-4, mfp-5 and mfp-6, were found by Waite’s
team to be particularly located in the plaque [60, 72-76]. Mfp-2 is the pre-
dominant protein in mussel plaque, constituting 25% of the plaque weight
[5, 77]. Tt is mainly found in the structured foam of mussel plaques [4].
Raman microscopy has confirmed that the complexation of metal ions (es-
pecially Fe3+) with mfp-2 affects plaque cohesion [22]. Additionally, the
interaction between mfp-2 and mfp-5 at the plaque-substrate interface also
affects the plaque cohesiveness (Figure 2.3b) [22]. Moreover, mfp-3, mfp-5
and mfp-6 were found close to the interface between the plaque and the
substrate [78]. The adhesive protein known as mfp-3 functions as a cohesive
agent, facilitating the attachment of mussels onto various surfaces [69, 79].
Researchers have explained the indispensability of mfp-3 in plaque adhe-
sion for different reasons: (i) The 3,4-dihydroxyphenylalanine (DOPA) in
mfp-3 interacts with surfaces through its redox capacity, metal complex-
ation, hydrophobic interactions and bidentate hydrogen bonding [79-81];
(ii) The adaptability and higher mobility of mfp-3 help it to diffuse into
narrow gaps and create more binding sites [69, 82, 83]. Like mfp-3, mfp-5
contains a significant amount of DOPA that helps mfp-5 to build strong
interaction with organic surfaces [84]. Mfp-6 is also a crucial component
for the adhesive properties of mussel plaque [85-87]. The redox capacity
of Mfp-6, e.g. the reduction of quinone to catechols, enhances the binding
and cross-linking processes of proteins within the plaque, thereby improv-
ing the stability and adhesion of mussel plaque proteins [85-87]. Recently,
researchers have suggested that mfp-5 constitutes the adhesive layer at the
substrate interface, whilst a fluid protein condensate, including mfp-3 and
mfp-6, fills the pores near the surface [80]. Furthermore, mfp-4 was thought

to be the biochemical link between preCol fibres and mfp-2 (Figure 2.3b)
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[60]. In addition to these five major proteins, recent studies have shown

that another ten phenolic glandular proteins may be present in plaques
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Figure 2.3: Schematic view of mussel foot proteins (mfps) in a byssal plaque
of Mytilus showing the approximate location of each of the major proteins.
(a) Mfp-3 variants and mfp-5 are thought to be the adhesives (arrows).
Mifp-2 makes up the core of each plaque. The entire plaque is coated by
a cuticle made of mfp-1 and Fe3+. Mfp-4 may mediate links between the
prepolymerized collagen (preCOL) fibers descending from the thread core
to other proteins in the plaque. The red boxed region is enlarged in panel
b. (b) Schematic view of all known mfp interactions as determined by the
Surface forces apparatus (SFA). Mfp-3 and mfp-5 are responsible for the
primary adhesive interactions with the surface. Only mfp-5 interacts with
mfp-3, and only mfp-2 interacts with mpf-5. Interactions between mfp-
2s are entirely Ca2+ (blue) and Fe3+ (red) mediated. A Ca2+-mediated
interaction between mfp-2 and mfp-4 also exists. Work-of-adhesion values
for mfp-3 correspond to reducing (1.4 mJ m—2) and oxidizing (0.4 mJ m—2)
conditions in the SFA. Interactions denoted by a question mark remain to
be determined. Tmp denotes thread matrix protein. [5]

In summary, the investigation into the constituents and microstructures of
the mussel byssus system offers a fundamental comprehension of the struc-
tural and chemical compositions that define this distinctive attachment
system. The byssus exhibits a complex arrangement of proteins, metal
ions, and structural frameworks, highlighting its complicated nature and

providing a foundation for further exploration of its functional capacities.
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2.2 The mechanical properties of the mussel

byssus system

Transitioning from microstructural components to mechanical attributes,
we focus on understanding how these parts converge to confer the mussel
byssus system with its exceptional mechanical capabilities. The dynamic
relationship between the structural integrity of the mussel byssus system
and its ability to adapt to different environmental pressures highlights the
remarkable evolutionary nature of this biological adhesive system, thereby
connecting its microstructural composition and its macroscopic mechanical

behaviour.

2.2.1 The mechanical properties of the byssal thread

Initial studies of the byssal thread have focused on measuring the whole
thread mechanics in different sizes of mussels or wet/dry conditions, and
researchers have begun to notice differences in mechanical properties be-
tween proximal and distal threads [13, 88, 89]. Later, Gosline and Car-
rington (1994) identified isolated tensile behaviours of the proximal and
distal threads [26]. The distal portion of M. californianus exhibits more
than 50 times greater stiffness, a strength approximately twice greater,
and extensibility approximately half that of the proximal portion [26]. The
strain-stress curve of the proximal portion shows a nonlinear trend, without
an obvious yield point, and extends until it breaks at approximately 200%
strain (Figure 2.1E) [25-27]. Four separate stress regimes are shown in the
distal portion’s stress-strain curve: elastic, plateau, hardening, and final
failure [26, 27]. The distal thread exhibits an initial stiffness, accompanied

by a distinct yield point at a strain of 12%. Subsequently, a post-yield
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plateau is observed until a strain of 40%, after which the stress progres-
sively increases until failure is reached at a strain of 100% [26, 27, 90].
The yield behaviour is also shown in the tensile test of the whole thread
[27]. The distinct mechanical behaviour shown by the proximal and distal
threads can help reduce stress concentrations resulting from modifications
in the modulus and prevent localised failure during sudden transitions, such
as those occurring at the interface [91]. Additionally, environmental factors
such as epibiont fouling, site-specific conditions, or seasonal variations have
a significant impact on the mechanical properties of mussel threads [72, 92—
94]. In harsh environments, mussels have the ability to alter the diameter
and mechanical properties of mussel threads to increase their strength. In
more favourable environments, they can redistribute energy to vital struc-
tures such as gonads and soft tissue growth [92]. The threads produced in
spring exhibited an increase in strength of more than 60% and an improve-
ment in extensibility of 83% compared to the threads generated during
other seasons [93]. Recent studies have also suggested that anthropogenic
factors, such as noise pollution, lead to a reduction in the secretion of mus-
sel threads and a subsequent deterioration in their mechanical properties,

such as strength, elongation, and toughness [95].

Mussel threads are also key in helping mussels dissipate energy from dy-
namic loads under the sea [43]. Therefore, cyclic loading tests of the byssal
threads can help to understand their mechanisms [26, 27, 43, 62, 91]. The
mechanical behaviour of mussel threads under cycle loading depends mainly
on their cyclic extension [26]. When the distal portion was subjected to
low extension (8%), it showed stiffness and strong resilience (88%), and all
future cycles were identical to the initial one [26]. When subjected to a
series of escalating extensions ranging from 16% to 65%, the initial cycle

showed a significant decrease in resilience, decreasing from 88% to 29%
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[27]. The distal portion’s initial modulus and hysteresis are reduced dur-
ing the second cycle when the strain exceeds the yield point [91]. For the
proximal portions, a strain stiffening phenomenon was observed instead
of strain softening, with the initial modulus of 35 MPa gradually increas-
ing to an asymptotic level at 50 MPa [91, 96]. The mechanical properties
of whole threads also depend on their cyclic extension. The resilience of
the byssal threads was 68% when strained to an extension below its yield
point but was reduced to 35% when cycled to an extension below its yield
point (Figure 2.1F) [27]. When loaded to failure, the initial stiffness of
the extended samples below the yield point increased by 22%, whereas the
extended samples’ stiffness below the yield point decreased by 54% and
lacked a yield region [27]. Interestingly, strain stiffening was also observed
for the whole byssal threads when cycled to 11% extension [27]. A gener-
alised Maxwell model has recently been built to describe stress relaxation
in the byssal threads, which implies the adaptability of the byssal threads

to cyclic loading [43].

In cyclic loading tests, an important mechanism of mussel threads was re-
vealed: the self-healing ability. The initial modulus of the distal thread
decreased from 600 MPa in the first cycle to 100 MPa in the second cycle
and was recovered to 170 MPa after 1 hour of rest [90]. Gosline also ob-
served that the area enclosed by the second loop was reduced to 38% of the
first loop, but after a 30-minute break, the area surrounded by the loop was
recovered to 68% of the first loop [27]. In particular, the recovery time is
related to the length of the extension; the longer the extension, the longer
the time taken to recover [27]. The self-healing response is believed to
be the consequence of different mechanisms including reversible His-metal
cross-links, sacrificial protein-metal bond exchanges, and the polyphenolic

amino acid 1-3,4-dihydroxyphenylalanine (DOPA) (Figure 2.1F) [96-100].
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Increased temperature and PH value can help accelerate the healing process

of the stiffness and strain energy of the byssal threads [62, 97, 101].

2.2.2 The adhesion of the mussel plaque

In addition to the unique compositional structure of mussel threads and
their extraordinary ability to self-heal, the ability of mussel plaques to
adhere firmly to the surface of the moist marine intertidal zone has also at-
tracted the attention of researchers [67, 68, 102]. Early studies focused on
the effect of various surfaces and hydrodynamic forces on the attachment
strength of the mussel byssus system [26, 103]. Based on this, Burkett’s
team (2009) further developed a method to quickly measure the detachment
force and the area of mussel plaques [30]. They investigated the effect of
different surfaces on their adhesion force and found that most adhesion
failures occurred in plaques [30]. Desmond et al. (2015) later conducted a
pioneering study that integrated mechanics and video recordings to exam-
ine the deformation of plaques to the point of failure at varying angles and
strain rates [6]. In the study, three different failure modes were identified,
including adhesive failure, interior cohesive failure, and tear failure (Figure
2.4) [6]. The wet adhesive strength of an M. californianus plaque on glass
exhibits a range of 1 to 5 MN/m with a pulling angle of 45° and a speed
of 30 um/s [6]. A recent study by Pang and Liu (2023) has further defined
the failure modes of plaque detachment as shear traction-governed failure
(STGF) mode and normal traction-governed failure (NTGF) [9]. They
found that decreasing the pulling angle or increasing the substrate stiffness

can lead to a transition in failure mode from NTGF to STGF [9].

In addition to investigating the mechanical response of the mussel byssus

system under adhesive tensile tests, Valentine’s team (2017) also analysed
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Figure 2.4: Example of plaque detachment via adhesive failure, at pull
angle 45° and pull rate 30 ym/s. (a)—(d) The top row of images shows the
thread—plaque deformations from a side-view perspective, while the lower
row shows the debonding interface as observed from below the glass slide
(scale bars = 1 mm). The dashed red circles are drawn to be slightly
larger than the crack radius and included to aid the reader in identifying
the location of the propagating crack. (e) Force to extend a thread—plaque
sample a distance A,. The labeled circular markers correspond to the
images shown in panels (a)-(d). (f) Schematic showing the mechanism
of adhesive failure in mussel plaques, where debonding is initiated at the
plaque—glass interface via a center-initiated crack. [6]

its mechanical behaviour under multi-cycle loading [66]. They found that
the low-strain stiffness of the plaques was reduced through multicycle load-
ing, and irreversible plastic damage was introduced into the plaque mi-
crostructure [66]. The plaques enhance toughness by effectively dispersing
the applied stress throughout the process of progressive plastic deforma-
tion [66]. However, when comparing plaques subjected to monotonically
loaded failure, it is observed that the strain history does not have a detri-
mental effect on the critical strength or maximum strain, indicating that

there are a variety of force transfer mechanisms between the thread and
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the plaque-substrate interface [66].

Environmental conditions substantially influence the adhesive behaviour of
mussel plaques. The adhesion strength and effectiveness of mussel plaques
can be influenced by various factors, including PH, temperature, substrate
type, season, salinity and the metabolic condition of the organism [104]. For
example, marine mussels have been shown to have an acidic PH (PH < 2)
beneath their foot during the plaque formation process [17]. For mussels,
the acidic PH facilitates the delivery of adhesive proteins, stabilises DOPA
for stronger bonding, enhances cationic functionality for better surface at-
traction, and, when combined with seawater, triggers protein insolubility
and cross-linking for effective attachment [5, 79, 85, 86, 105-107]. How-
ever, mussels must be kept in a higher PH environment. Experiments have
shown that keeping plaques in low PH conditions prevents them from gain-
ing strength, leading to more frequent tearing of the material under tension

[108].

Studying the mechanics of the mussel byssus system has revealed its in-
credible adhesion, strength, deformability, and adaptability. These unique
biological features show mussels’ extraordinary capabilities to thrive in dy-
namic and challenging marine environments and serve as a source of inspi-

ration for cutting-edge biomimetic applications.

2.3 The biomimetic applications of the mus-

sel byssus system

The mussel byssus system has inspired numerous biomimetic applications

due to its unique adhesive and mechanical properties (Figure 2.5). Re-
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searchers have utilized the strong wet adhesion and versatility of mussel foot
proteins (Mfps) to develop new materials, such as hydrogels and adhesives
[7, 104, 109], for various applications in medicine [110-114], environmental
engineering [115, 116], and materials science [113, 114]. By mimicking the
chemistry of Mfps, scientists have created innovative smart adhesives [117—
119], self-healing materials [113, 120-128], and surface coatings [129-132]

with enhanced properties like water resistance and adaptability.

These biomimetic applications bridge nature’s sophisticated solutions with
modern technological needs, opening up new possibilities in advanced ma-
terials design and functionality. However, despite the significant advance-
ments in understanding the chemical structure of the mussel byssus system,
its potential for biomimetic applications in terms of mechanical properties
and microstructure remains relatively underexplored. Exploring the poten-

tial of this gap forms a key focus of this thesis.
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Figure 2.5: Recent application of mussel-inspired adhesives. [7]
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2.4 Key research gaps

The byssus system of marine mussels represents an exceptional example of
evolutionary optimisation, demonstrating distinctive characteristics such
as strong adhesion, high deformability, and self-healing ability in under-
water environments. The literature review describes in detail the research
carried out in recent decades on the chemical composition, microstructure
and mechanical properties of the marine mussel byssus system. Meanwhile,
it has also underscored substantial progress in the field of biomimetic ma-
terials inspired by the marine mussel byssus system. However, in order
to further investigate the mussel byssus system and effectively mimic its
ability to solve practical problems, it is crucial to overcome the specific
deficiencies that still exist in the research landscape. These gaps represent

key opportunities to advance the field through targeted research initiatives.

2.4.1 The mechanical properties of the components

of the mussel byssus system

Over the past decades, chemists have extensively studied the major chem-
ical components of the marine mussel byssus system, including the mussel
foot proteins (Mfps) contained in the mussel plaque and their content of
DOPA (3,4-dihydroxyphenylalanine), the PreCols contained in the mussel
threads (preCol-D, preCol-NG and preCol-P), and the Mfps and cuticle-
specific proteins contained in the cuticle layer. However, the small size,
fragile nature, and need to maintain moisture in the byssus system of
marine mussels pose a challenge when conducting experiments aimed at
measuring the mechanical properties of its constituents. Previous research

has effectively determined the tensile curves of both proximal and distal
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threads and the adhesive strength of the entire byssus system. However,
the tensile mechanical properties of the mussel plaque portion have not
been thoroughly investigated. Investigating the mechanical properties of
the plaque portion using analytical or numerical methods is a promising
avenue of research. Waite et al. (2019) developed a system of nonlinear
springs to represent the mechanical contributions of different components,
including the proximal and distal thread portions and the adhesive plaque
[133]. The model estimates the elastic properties of these components and
predicts the system’s behaviour under tensile stress [133]. However, the
model has limitations, particularly in its ability to capture the complex be-
haviour of the plaque fully, as it simplified the stress-strain curve of mussel
plaque to three linear regions [133]. Therefore, more accurate analytical or
numerical methods can facilitate accurate modelling of the mussel byssus
system and a true understanding of each component’s contribution to its

overall mechanics.

2.4.2 The effect of the microstructure of mussel plaque

on the mechanical performance

A notable research gap remains in determining how the porous microstruc-
ture of the mussel plaque affects the overall mechanical performance of
the mussel byssus system. Our literature review shows that mussel plaque
consists of a soft porous core under a hard cuticle layer, with the core ex-
hibiting a randomly organised, multi-scale pore distribution. While it is
evident that organisms have evolved structures to mitigate damage, the spe-
cific functions of such random and multiscale porous structures within the
mussel plaque core and their contributions to the deformability or strength

of the plaque or the overall byssus system remain unclear. Current re-
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search focuses predominantly on the biochemical composition and adhesive
properties of mussel plaques, largely neglecting the complex microstruc-
tural variations within the plaque that could significantly influence tensile
strength or deformability under different environmental scenarios. lim-
ited study has tried to investigate how changes in the pore distribution of
mussel plaques might affect their adhesion [134]. However, this study has
applied an ordered pore arrangement rather than understanding the pore
distribution found in mussel plaques. Filling this gap is crucial for devel-
oping bio-inspired materials that exploit these unique structural features

to enhance mechanical properties in engineering applications.

2.4.3 The development of mussel-inspired biomimetic

materials

While significant progress has been made in the development of mussel-
inspired biomimetic materials, current research has focused primarily on
the protein aspect, such as mimicking the adhesive proteins found in mus-
sels, specifically the catecholamine chemistry of mussel foot proteins, for
applications in wet adhesive environments. However, less emphasis has
been placed on mimicking the specific material gradients of the mussel
byssus system, the interactions between the mussel thread fibres and the
porous plaque core, or the hierarchical porous structure of the plaque core.
Gaining a comprehensive understanding of the mechanical mechanisms and
the microstructure of the mussel byssus system is crucial in order to use

this knowledge for the development of more biomimetic applications.
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2.4.4 Summary of the key research gaps

This section has highlighted several critical gaps in the current understand-
ing of the mechanism and biomimicry of the mussel byssus system. Ad-
dressing these gaps through focused research could lead to significant ad-
vances in materials science. Therefore, our research has attempted to fill
these research gaps. Firstly, there is a need to further investigate the me-
chanical properties of the components of the byssus system, including the
proximal thread, distal thread and mussel plaque, and understand their
individual contribution. Secondly, it is important to understand the ef-
fect of the unique porous structure of the mussel plaque core on the overall
mechanical properties of the mussel byssus system. Finally, the microstruc-
ture of the mussel byssus system has inspired us to conduct a preliminary
biomimetic design study based on the interaction between thread fibre and

plaque foamy core.

2.5 Summary of the literature review

This literature review has comprehensively examined the structure, chem-

istry, mechanics and biomimicry of the marine mussel byssus system.

Firstly, it commenced with a detailed analysis of the mussel byssus system’s
unique chemical compositions, constituents and microstructures. These
are optimised for robust performance under the dynamic and challenging
conditions of marine environments. This foundational understanding is
critical as it sets the stage for appreciating the system’s capabilities and

potential for technological applications.

The review then transitioned to the mechanical properties of the mussel
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byssus system, emphasising its strength, adhesion, deformability, and self-
healing characteristics, which are crucial for survival in tidal zones. These
features demonstrate mussels’ evolutionary finesse and serve as a blueprint

for developing advanced materials that mimic these natural solutions.

Furthermore, the review highlighted various biomimetic applications in-
spired by the byssus system. It delved into developing novel adhesive ma-
terials and self-healing composites that incorporate mussels’ biochemical
strategies, such as using DOPA and catecholamine chemistry. These sec-
tions illustrated how biological insights translate into real-world applica-
tions, thus paving the way for medical technologies, environmental chal-

lenges and engineering innovations.

Nevertheless, despite the considerable advances that have been made, this
review has also identified and discussed several key research gaps. These
include the need for a deeper investigation into the individual mechani-
cal properties of byssus components, a better understanding of how these
properties contribute to the overall system function, etc. Addressing these
gaps could significantly enhance the design and synthesis of biomimetic

materials.

In conclusion, this review presents the complex nature of the mussel byssus
system and underscores its transformative potential in materials science.
Bridging biological mechanisms with synthetic applications opens up new
avenues for future research aimed at harnessing and amplifying the unique
properties of the mussel byssus system in advanced material designs. This
interdisciplinary approach is crucial for pushing the frontiers of both bio-

logical understanding and material innovation.
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Chapter 3

Overarching methodology

3.1 Methods

The primary goal of this thesis is to investigate the mechanics of the mussel
byssus system and apply its unique structural and mechanical properties
to develop biomimetic designs. The research is structured around three
interconnected aspects: (i) determining the mechanical behaviours and
structural compositions of each component of the mussel byssus system,
(ii) investigating the relationship between the unique microstructure of the
mussel byssus system, especially the plaque, and its mechanical properties,
and (iii) exploring potential biomimetic designs based on these mechanics

and microstructures.

To cohesively address these aspects, three studies were designed with spe-
cific methodologies that build upon one another to form a comprehensive
investigation of the system. Figure 3.1 illustrates the strategy of inquiry
that links these studies, ensuring a clear progression from understanding

the natural system to applying its principles in biomimetic design. The
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following section outlines the overarching methodologies employed in these
studies, with more detailed methodologies provided in Chapters 4-6. The
Animal Welfare and Ethical Review Body (AWERB) form used in this

study is provided in Appendix B.
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Figure 3.1: The main aspects and methods to investigate the mechanics
and biomimicking of marine mussel byssus system [8, 9].

Study 1: The first study aims to determine the mechanical behaviours and
structural compositions of the mussel byssus system’s main components,
including the proximal thread, distal thread, and adhesive plaques. Scan-
ning Electron Microscopy (SEM) and micro-tensile testing were employed
to map the microstructure and tensile properties of these components. This
foundational study informed the subsequent investigations by providing the
necessary material parameters for both analytical models and numerical
simulations. These findings were used to develop inverse methodologies for
determining material properties based on observed deformations under ten-
sile loading, which was a critical step toward understanding the mechanics

of the byssus system under various forces.

Study 2: The second study extended the knowledge from Study 1 by fo-

cusing on the mussel plaque’s unique microstructure, specifically its hier-
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archical porosity. The plaque’s microstructure plays a critical role in its
mechanical performance, particularly in how it dissipates energy and with-
stands stress. In this study, advanced SEM techniques were used to capture
the plaque’s pore distribution and hierarchical structure. Representative
Volume Elements (RVEs) were generated to model the microstructure, and
phase-field modelling was employed to simulate failure mechanisms within
these RVEs. This study was essential in linking the microstructural details
to the macroscopic mechanical behaviour of the plaque, providing insights

that informed the third study’s biomimetic applications.

Study 3: The final study applied the understanding gained from Studies
1 and 2 to develop and test a biomimetic material inspired by the mus-
sel byssus system. The composite material, made from carbon-fibre mesh
reinforced LLDPE foam, mimicked the thread-plaque interaction by em-
bedding high-strength fibres within a deformable matrix. The quasi-static
indentation (QSI) tests conducted in this study evaluated how different
configurations of the fibre mesh and foam responded to low-velocity im-
pact, providing insights into how the plaque’s structure could inspire novel
materials. This biomimetic approach aimed to harness the mechanical ad-
vantages seen in the mussel byssus system, demonstrating the potential for

real-world applications in engineered materials.

By structuring these studies in a step-by-step manner, this thesis moves
from characterisation of the natural system to the development and testing
of biomimetic designs. Each study builds on the insights of the previous
one, providing a cohesive narrative that links the mechanics of the mussel

byssus system with its potential engineering applications.
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3.2 Limitations

While the general methodologies developed in this thesis provided valuable
insights into the mechanics and biomimetic potential of the mussel byssus
system, it is essential to acknowledge their limitations. The following is
a summary of these limitations, with more specific details presented in

Chapters 4-6:

o Chapter 4 - (1) The three components of the mussel byssus system
were simplified as individual materials, which might not fully cap-
ture the complex behaviour of the mussel byssus system. Further
investigation into the material difference between the cuticle layer
and inner cores could enhance the accuracy of the inverse method-
ology. (2) The optimisation metrics (deformed plaque shapes) were
2D images, which might be less accurate than comprehensive 3D im-
ages. (3) The detachment process of the mussel plaque was idealised
to follow a circular shape and only occur at a fixed tensile displace-
ment. The idealisation might affect the model’s accuracy and can
not capture the full dynamic detachment process of mussel plaque.
(4) The failure of the mussel byssus system was not considered in this
research. (5) The hyperelastic material constitutive models were ap-
plied to represent the tensile materials properties of the components
of the mussel byssus system. However, the mussel byssus system is
not hyperelastic; we only applied the hyperelastic materials model to
represent their behaviour before failure. The model cannot be used

to analyse the failure behaviour of the mussel byssus system.

o Chapter 5 - (1) The SEM analysis for the mussel plaques was two-
dimensional, which might not capture the full 3D structure charac-

teristics of the mussel plaque core. (2) The destructive process of the
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SEM analysis might affect the accuracy of the obtained pore distribu-
tion of the plaque core. (3) The 2D porous RVEs applied in this study
were only for qualitative analysis. (4) The irregular pores within the
mussel plaques were simplified to be circular in the 2D porous RVEs
to obtain the distribution parameters (size and location) and poros-
ity. This may not fully capture the geometric characteristics within
the plaque core and affect the value of the distribution parameters
and porosity. (5) Meanwhile, the multi-scale 2D porous RVEs was an
approximation of the hierarchical porous structure of mussel plaques
rather than an accurate replication. (6) Due to difficulties obtaining
the material properties of the mussel plaque core, a 3D printing ma-
terial was used as the parent material. Different conclusions might be
reached if the actual plaque material properties were used. (7) Due to
the manufacturing limitation, the distribution parameters obtained
from the SEM analysis were scaled from micrometres to millimetres,
but the scalability effects were unclear. (8) Relatively small dataset
was used for the statistical analysis in this study (400 cases), which
was constrained by the computational demands of running each case.
Due to the complexity of the model, each simulation run required sig-
nificant computational resources and extended runtime, limiting the
total number of cases that could feasibly be executed within the avail-
able time and computational capacity. Future work could address
this limitation by leveraging improved computational infrastructure
or optimizing the model to reduce the time per run, allowing for a

more extensive dataset to draw stronger statistical conclusions.

Chapter 6 — (1) Due to the experimental condition limitations, we
only manufactured the LLDPE foams with carbon fibre mesh em-

bedded in them rather than accurately replicating the structure of
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high-strength mussel thread fibres embedded in a highly deformable
mussel plaque foam core. (2) The manufacturing process and sam-
ple preparation might result in variations between samples. (3) This
study’s sample thickness, fibre mesh sizes and indenter sizes were un-
changed. Investigating different sizes may facilitate a more compre-
hensive understanding of the size-related effects on QSI behaviours.
(4) Only four configurations of fibre mesh reinforcement (top, mid-
dle, bottom, and double-reinforced) were analysed in this chapter.
More varied configurations and multi-layer reinforcements might fa-
cilitate a more profound comprehension of the optimal reinforcement

strategies.

3.3 Summary

This chapter outlines the methodologies employed to investigate the me-
chanics of the mussel byssus system and explore biomimetic applications
inspired by its unique structure. The three studies are designed to build
upon one another, moving from the characterization of the natural sys-
tem to the development of bio-inspired composite materials. Each study
provides critical insights that form the foundation for the next, creating a
cohesive research narrative. The limitations discussed highlight areas for
further exploration, particularly in refining the models and expanding the

range of biomimetic designs tested.

43



Chapter 4

Determining mechanical
behaviours of the constituents

of the mussel byssus system

Publication Information

Title Determining hyperelastic properties of the constituents

of the mussel byssus system

Author Yulan Lyu, Yong Pang, Wei Sun, Tao Liu*

Journal Soft Matter

Status Published (https://doi.org/10.1039/D3SM01677C)
Year 2024

44


https://doi.org/10.1039/D3SM01677C

4.1. INTRODUCTION

4.1 Introduction

The mussel plaque within the mussel byssus system (Figure 4.1b) can
achieve a strong adhesive strength in wet conditions [5, 135, 136]. There-
fore, scientists have conducted numerous studies on the chemical composi-
tion of mussel plaques [22, 69, 137], inspiring the development of advanced
adhesive materials in medical and engineering fields [5]. For example, six
main mussel foot proteins (MFPs) were identified in mussel plaques, which
play an essential role in maintaining adhesion at the plaque-substrate inter-
face and establishing connections between threads and plaques [22, 69, 137].
These MFPs contain high levels of the amino acid 3,4-dihydroxyphenylalanine
(DOPA), which forms solid and reversible bonds with various surfaces and
is an essential component of adhesive chemistry [137]. Meanwhile, studies
have also been carried out to investigate the mechanical behaviour of mus-
sel plaques [6, 26, 27, 30, 88, 138]. Desmond et al. (2015) analysed the
adhesive performance of mussel plaques subjected to directional tension
and summarised three different failure modes: adhesive, interior cohesive,
and exterior failure [6]. Based on this fundamental research, Pang et al.
(2023) further demonstrated that the failure modes of mussel plaques could

be changed by the pull angle or the stiffness of the substrate [9].

Furthermore, as researchers delved deeper into the mussel byssus system,
the mechanical behaviours of the constituents of the mussel threads were
also revealed. The mussel thread comprises a distal and a proximal portion.
Each portion has different compositions and distinct mechanical behaviours
that enable mussels to resist dynamic loads and effectively dissipate en-
ergy [26, 139]. Specifically, preCol-D and preCol-P, two pre-pepsinized
collagens, exhibit a prominent presence in the distal and proximal por-

tions, respectively, potentially leading to different mechanical characteris-
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Proximal
thread

preColP

preColD .
cuticle layer Distal
thread

Figure 4.1: (a) Mussel byssus system showing the threads and plaques, (b)
a schematic illustration of a single mussel byssus structure and its protein
composition, and (c) a schematic diagram of sample cutting positions: cut-
ting position () for collecting the whole mussel byssus system samples, (D)
and (3 for collecting thread samples, @) and @) for collecting distal portion
samples.

tics [2, 25, 55]. Gosline and Carrington (2004) revealed that the distal por-
tion of M. californianus mussels can extend approximately half the length
of the proximal portion while demonstrating nearly twice the strength and
fifty times the stiffness [27]. Furthermore, when subjected to tension, the
proximal portion does not exhibit a prominent point of failure, whereas
the distal portion experiences four distinct stress regimes: elastic, plateau,
hardening, and ultimate failure [26, 27]. Additionally, researchers have
also performed cyclic loading tests to analyse the self-healing mechanism
of mussel threads [43, 88, 97]. Reversible sacrificial bonds between proteins
and metals are widely recognised to play a crucial role in the self-healing

process of mussel threads [19, 96, 140, 141].

In order to understand the complex mechanics of the mussel byssus system,
recent studies have established robust experimental methods to characterise
its tensile properties, focusing primarily on the entire thread-plaque system,
the mussel thread or solely on its distal portion [13, 27, 28]. Nevertheless,
mechanical properties of the proximal portion or plaque portion have yet
to be solely studied due to geometry limits and fragility when subjected to

tensile loads [26]. Notably, a fundamental nonlinear spring model was in-
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troduced by Waite et al. (2019) to obtain the spring constant and Young’s
modulus for the plaque [133]. However, these material parameters were
obtained by simplifying the stress-strain curve of the combined distal and
plaque system into three linear regions [133]. Given the similarity between
the nonlinear stress-strain behaviour exhibited by mussel threads and the
tensile behaviour observed in rubber materials before failure [90], the dif-
ference in calculating the modulus of the distal and plaque portions by
simplifying the overall response to linear is non-negligible. Furthermore,
the study has not analysed stress-strain curves for the plaque and distal
portion separately [133]. Therefore, further investigations on the individual
contributions of the distal portion and the plaque to the overall stress-strain

response are necessary.

In the present study, we first investigated the microstructure of three differ-
ent portions within the mussel byssus system and established correlations
between the microstructure and mechanical behaviour. Micro-tensile tests
were then performed to obtain tensile force-displacement curves for the dis-
tal portion, the entire thread (proximal and distal portions), and the entire
plaque-thread system. Meanwhile, the side view of plaque deformation was
recorded to verify the inverse finite element (FE) approach. Finally, the
analytical and FE inverse methods were applied to identify the mechan-
ical behaviours of the proximal and plaque portions. We validated the
application of analytical and FE inverse methods in obtaining mechanical
behaviours for each of the three portions within the mussel byssus system
and determined material constitutive models of those portions. The appli-
cation of the FE inverse approach to obtain the potential plaque bottom
surface detachment radius was also discussed in this research. These stud-
ies offer demonstrable evidence of the applicability of inverse methods in

the analysis of multi-phase biomaterials and provide insight into the me-
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chanical behaviour of each portion of the mussel byssus system for future

bio-mimicking.

4.2 Material and methods

4.2.1 Sample preparation procedure

Micro-tensile test sample preparation.

Blue mussels (Mytilus edulis) were collected from the coast of Hunstanton
in England and kept in a water tank filled with flowing and oxygen-rich
seawater at temperatures between 8°C and 10°C. The collected mussels of
3-5 cm in length were tied to 50x50 mm transparent acrylic sheets to allow
plaque deposition (see Appendix C.1). Three different sample types were
obtained for micro-tensile testing. The first type comprised whole mussel
byssus systems, including an adhesive plaque, distal thread and proximal
thread. These were collected by severing mussel threads close to the mus-
sel body using dissecting scissors (Figure 4.1c). The second sample type
is mussel threads, including both distal and proximal portions, separated
from the adhesive plaques using blades (Figure 4.1c). The third type ex-
clusively encompassed the distal portions of mussel threads, collected using

dissecting scissors (Figure 4.1c).

Scanning electron microscopy (SEM) analysis.

The SEM analysis was conducted to investigate the microstructures of the
mussel byssus system. The threads and plaques were cut using dissect-

ing scissors to prepare the SEM samples separately. The samples of the
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byssal threads and plaques were fixed in a 3.7% formaldehyde and 2.5%
glutaraldehyde solution for approximately four hours and stored in Milli-Q
water for three days at a temperature of 4°C. The samples were first de-
hydrated in ethanol at increasing concentrations of 50% (2 times), 70% (2
times), 90% (2 times) and 100% (3 times) and then further dried in hex-
amethyldisilane (HDMS) 2 times for 5 mins each [16]. After dehydration
and drying, samples were sputter coated with 10 nm thick iridium for 120
s using Quorum Q150V Plus and imaged in JEOL 7100F FEG-SEM using

an accelerating voltage of 5 kV.

4.2.2 Micro-tensile tests

Two types of micro-tensile tests, plaque tension (Figure 4.2b) and thread
tension (distal threads and whole threads) (Figure 4.2c), were conducted
on a customised micro-tensile experimental setup (Figure 4.2a). For thread
tests, mussel threads were held between two tweezers. The lower tweezer
was replaced by an acrylic sheet to which mussel plaques were attached
for plaque tests. The upper tweezer is connected to a load cell (Honeywell
Model 34, 1000g-10 LBS) to record the loading force. The linear actuator
(Thomson MLA11AO05) connected to the load cell applies the directional
tension to the mussel thread at a slow loading speed of 0.25mm/s to mea-
sure the quasi-static tensile responses, which are not sensitive to further
reduction of loading speed [142]. The linear actuator is powered by a
micro-stepping drive (Kollmorgen P5000) connected to the power supply.
A monochrome camera (Thorlabs DCC1545M, 1280 x 1024 pixels, 25 fps),
lens system (Navitar 12x Macro Zoom) and mirror were positioned on the
acrylic plate’s side to record the side view of the plaque deformation process

under tension.
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Figure 4.2: (a) Schematic illustration of a customised micro-tensile exper-
imental setup, (b) focused plaque test setup, and (c) focused thread test
setup.

4.2.3 Finite element (FE) forward modelling for mus-

sel plaque

A 3D FE model of the mussel plaque was created using ABAQUS /Stan-
dard based on the actual measurement from the experiment (Figure 4.3a
and c¢). The diameter of the upper surface and the height of the mussel
plaque are approximately 100 pum and 335 um, respectively (Figure 4.3a).
Tensile loads perpendicular to the surface were applied to the upper surface
of the plaque using displacement control. The plaque was modelled with
4-node 3D tetrahedral elements in ABAQUS notation (C3D4H elements).
The boundary condition of the bottom surface for the plaque model was
assumed first to be fully fixed. The Neo-Hookean model was applied to
present the mechanical behaviours of mussel plaque. The more detailed
equations of this material model can be seen in Section 4.3.1. The mechan-
ical behaviours of the mussel plaque model were iterated in the inverse

optimisation algorithm until the tensile force-displacement curve, and the
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deformed shapes derived from the FE model synchronised with the results

obtained experimentally.

500 pm

!! Tensile load

500 pm

Figure 4.3: (a) Side view of the mussel plaque, (b) side view of FE model of
the mussel plaque, (¢) bottom view of the mussel plaque, and (d) bottom
view of the FE model of the mussel plaque, all under undeformed configu-
ration.

4.2.4 Fundamental of inverse approaches

It was assumed that within a composite material comprising a series of
sub-materials, one unidentified sub-material with unknown material pa-
rameters exists. Therefore, the inverse method can be applied to identify
the mechanical behaviours of the unknown sub-material by simplifying the

composite as a series spring system (Figure 4.4a).

The total number of sub-materials was assumed to be p, where the material
parameters of the sub-materials with number p—1 are known (Figure 4.4a).
Therefore, three main inputs in the analytical inverse approach were as

follows:
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Figure 4.4: (a) Schematic diagram of the simplified spring system, (b)
schematic representation of the principle of the inverse method using dis-
placement as a metric, (c) schematic representation of the principle of the
inverse method using force as a metric, and (d) schematic of the deformed
shape optimisation approach.

1. The experimental force-displacement data of the overall spring sys-
(& e = [ [ e el € e e e e1T
tem (.f 7d >7Wheref = [f17f2’f37"' 7fk] ) d° = [d17d27d37"' adk] )

k is the number of data points obtained from the force-displacement

curves (Figure 4.4b and c).

2. Material parameters of known sub-materials w;, where =1, 2, 3, - - -,
p—1.

3. Guessing material parameters of the unknown sub-material m =
T . .
[my, mg, ms, -+ ,mgy|", where ¢ is the number of material parame-

ters for the unknown sub-material.

As the spring system is compounded in series, the tensile force of the overall
spring system should be equal to the tensile force of any sub-material, and
the tensile displacement of the overall spring system should equal to the

sum of the elongations of all sub-materials:
fe:fle:fZe:”.:fpe

d°=d"“+d*+- - 4 d (4.1)
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Because the material parameters w;, material constitutive equations and
sizes of the p — 1 sub-materials were assumed to be known, the elongations
of these sub-materials can be calculated based on Eq. 4.1. Meanwhile,
the elongation of the unknown sub-material d“(m) can also be calculated
using the guessing material parameters m, assumed material constitutive
equation, measured sizes and the force of unknown sub-materials f*(m) =
f°. Notably, d“(m) and f“(m) denote their values are functions of m, and

the rule applies to subsequent arguments containing m in parentheses.

Therefore, the displacement of the overall spring system from the analytical

inverse approach d(m) will be:

d(m)=d' +d+ -+ &'+ d"(m) (4.2)

where d', d?,- -, d’~! are the elongation vectors for known sub-materials
calculated from the known material parameters w;, material constitutive

models, measured sizes and experimental forces.

Thus, the residual vector F(m) based on the guessing material parameters

m can be defined as (Figure 4.4b):

F(m) = d° — d(m) = [Fi(m), Fy(m), F5(m), ..., Fy(m)]" (4.3)

If the force is used as the optimisation metrics, the residual vector F(m)

can be determined as (Figure 4.4c):

F(m) = f* — f(m) (4.4)

where f(m) is the force vector of the overall spring system based on the

guessing material parameters m from the analytical inverse approach.
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The optimisation process is achieved by applying the nonlinear least squares
estimation function lsqnonlin within the Matlab Optimisation Toolbox
[143].  This method effectively addresses curve-fitting problems charac-

terised by using the following form of nonlinear least-squares [143]:

min | F(m)|j3 = min (Fi(m)® + Fo(m)* + F3(m)” + - -« + Fy(m)?) (4.5)

The lower and upper bounds Ib and ub were set to limit the value ranges
of material parameters m and thus accelerate the inverse approach. The
functional tolerance @ is initially set to 0.01 in the ‘options’ and can be
changed to the desired degree of precision [143]. When the final change
in the sum of squares relative to its initial value is less than the value of
the function tolerance, the Isgqnonlin will stop, and the optimised material

parameters m* will be obtained (Figure 4.5):

min | F(m)|)5 < 0 (4.6)

However, if the shape of the material is irregular, the analytical inverse
approach is no longer applicable, and the FE-based inverse approach is
needed. The ".inp” file for ABAQUS was first written, including the ma-
terial geometry, known and guessed material parameters, material consti-
tutive models and boundary conditions. A post-processing Python script
was then created to extract force-displacement results based on guessing
material parameters from the ABAQUS “odb” file. The remaining optimi-
sation process is consistent with the analytical inverse method by applying
Isgnonlin, meaning that when Eq. 4.6 is satisfied, the optimised material

parameters m* will be obtained (Figure 4.5).
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Figure 4.5: Flow chart of both analytical inverse and FE-based inverse
procedures.

4.3 Mussel byssus system material constitu-

tive models and inverse procedure

4.3.1 Material constitutive models

Based on the characteristics of the stress-strain curves of the distal and
proximal threads and the force-displacement curves of the entire byssus
system in the previous literature [6, 26, 27, 91], different materials consti-
tutive models were assumed to present plaques, distal threads and proxi-

mal threads, respectively. The incompressible Ogden’s model was applied
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to the distal threads because the shape of the strain-stress curves for the
distal threads has characteristics similar to those of the Ogden’s model
curve. Similarly, the constitutive model of both the proximal portion and
the plaque was assumed to be the incompressible Neo-Hookean material

model due to the resemblance of the curve shape.

Notably, in this research, to simplify the calculation process, the cross-
sectional area of the thread was assumed to remain unchanged during the
uniaxial tensile test. As a result, the nominal stress was considered to
be equal to the true (Cauchy) stress. While it is acknowledged that the
nominal and true stresses are different in most cases, this assumption was
necessary to simplify the modeling for this phase of the study. Regarding
the incompressibility assumption for the threads and plaque, experimental
verification was challenging due to limitations in available data. There-
fore, as a reasonable starting point, the Ogden and Neo-Hookean models
were employed under the assumption of incompressibility. This choice re-
flects an initial approximation and does not imply that the materials are
strictly incompressible or that the cross-section is unchanged during de-
formation. Future studies should focus on addressing these aspects more
comprehensively, particularly when applying hyperelastic models to simu-

late the complex behaviour of such materials.

The strain energy potential W of the three-order Ogden model is expressed

in terms of principal stretches as follows [144]:

2 T J o
W =32 1A 40 - 3) (4.7)

N
2
5=1 B

1

where N is the order of strain energy potential (N = 3), pg and ap
(8 = 1,2,3) are six material constants. A1, Ao and A3 are the distor-

tional principal stretches which can be calculated using principal stretches
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Ay =J5 - Ap(n=1,2,3), J is the total volume ratio.

Meanwhile, the strain energy potential of the incompressible Neo-Hookean

material model is given below [145]:
W =Cp (M2 + X" + X% = 3) (4.8)

where C] is a material constant.

Tensile tests were assumed to be uniaxial. Therefore, the uniaxial stress o

and stretch A\ for Ogden’s model can be expressed as
3 «
2 1 b
o=3 2 [Ao‘ﬁ . (—) } (4.9)
= as VA

The uniaxial stress ¢ and stretch A for Neo-Hookean hyperelastic model

are defined as shown below:
1

4.3.2 Application of inverse approaches to mussel

byssus system
Problem definition.

The shorter length of the proximal portion compared to the distal portion
of threads and the irregular shape of mussel plaques increase the difficulty
of the micro-tensile tests. Therefore, analytical and FE inverse approaches

were employed to obtain their mechanical behaviours.
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Analytical inverse approach for the proximal thread.

The three portions of the mussel byssus system were simplified as a spring
system in series. Tensile force and displacement data for the distal portion
(f5, d3) was obtained from the micro-tensile tests for the distal portion,

and the stress-strain data (o, €5) can be further calculated by

o _ Jfa
747 T2
de

g =14 (4.11)
la

where r4 and [; are the radius and length of the distal portion before

tension.

Based on the experiment data and the Ogden model (Eq. 4.9), six material
parameters of the distal portion (ug, ag), (8 = 1,2,3) can be determined
using a simple analytical or FE-based inverse approach shown in Figure 4.5

and were used as input for the further analytical inverse approach.

Next, the tensile force and displacement data of the whole thread (distal
and proximal portions) (f}, df) was also obtained from micro-tensile tests
for the whole thread. Based on Eq. 4.1, the following equations can be

obtained:

fi=r,=1ra
s = d° + d (4.12)

€ e e e T € e e e
where fp - [(fp)b (fp)Qv T (fp)k] and ft = [(ft )17 (ft )27 T (ft )k]T are
the tensile force vectors of the proximal portion and the distal portion, re-
spectively. dz = [<d§)17 (dZC;)?? T (djeo)k}T and dte = [(df)b (df)% T (df)k]T
are the elongation vectors of the proximal portion and the distal portion,

respectively.
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Therefore, the elongations of the distal portion can be calculated based on
Eq. 4.9, 4.11 and 4.12, and the six material parameters obtained from the

previous distal portion tensile tests:

ag

(4.13)

(d3),+la
lg

where j =1,2,3,--- k.

Meanwhile, the elongation of the proximal portion d(CY), based on the
given material constant C? can be calculated in the analytical inverse ap-

proach based on Eq. 4.10 and 4.12:

—1 (4.14)

» o (fte>j 1
(d (Cl )p>j - lp 271_0{)7“% + ((d(Cf)p)j-&-lp)Q

lP
where 7, and [, are the radius and length of the proximal portion before

tension. (d (C? is one data point within d(C?), and a function of C?.
Up) 1)p 1

(The rule also applies to subsequent arguments containing C? in parenthe-

ses)

As a result, the tensile displacement of the whole thread based on the given

material constant C? can be expressed as

d(C?), = d(CY), + dj (4.15)

The residual vector F(C?) based on the given material constant C1 then
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can be defined as

F(CY) = d; — d(CY); = [Fi(CY), Fa(CF), Fs(CY), .., FR(CD)]" (4.16)

If the tensile force was used as metrics, the residual vector F(C?) can be

expressed as

F(CY) = fi — F(CT) (4.17)

Isgnonlin was applied for parameter optimisation as Section 4.2.4, and the
functional tolerance 6 was initially set as 0.01. Isqnonlin will stop when

the following convergence criterion is satisfied:

Héi,,nHF(Cf)HZ <90 (4.18)

FE-based inverse approach for the mussel plaque.

The FE inverse approach was employed as the irregular shape of mus-
sel plaques makes the above analytical inverse approach not applicable.
Micro-tensile tests were first performed on the combined distal and plaque
portions because it was difficult to perform experiments on the plaques
themselves. Based on Eq. 4.1, the force of the mussel plaque f;; can be

obtained from the experiment:

o =Fa=Fam (4.19)

where fj and f;,, are the tensile force vectors of the distal portion and

distal-plaque system, respectively.

Meanwhile, the tensile displacement of the upper surface of the mussel
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plaque d;; was also measured from the side-view video (Figure 4.11a) to
generate the experimental force-displacement data (f;,;, d;;) as input in the
FE inverse approach. The guessing material parameter Cfl of the mussel
plaque was then written on the ABAQUS CAE Interface and updated in
Isgnonlin. A post-processing Python script was created to extract the
force-displacement data (f(C),, d(C),;) based on the guessing material
parameter C*' from the ABAQUS .odb file.

The residual vector F (C’fl) and the sum of squared residuals from the
force-displacement data based on the guessing material parameter C7 ' can

be defined as:

T

F(CY) = diy — d(C ) = |FA(CF), Fa(CY), ... FU(CE)

=a, —

k

et =S [ )] w2

To further optimise the FE inverse approach, the deformed side views of
the mussel plaque measured from the experiment were compared with the
FE results. It was assumed that the deformed shapes with a total number
of k1 were analysed. For each deformed shape, the leftmost node was set as
(0,0) (Figure 4.3a), and nodes with a total number of ky were selected on
each shape. Graph Grabber v 2.0.1 software was used to obtain the coor-
dinates (y, z) of selected nodes (https://www.quintessa.org/software).
Meanwhile, the coordinates (y, z(C™")) of corresponding nodes based on the
guessing material parameter C? " were exported from the FE model using a

post-processing Python script.

The residual vector F*(C*") of each deformed shape can be expressed as
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(Figure 4.4d)

PO = 2 — 2(07) = [FR(eP), (0P, (et)] ()

[ () [ - 3 [ ), 12

The total sum of squared residuals R(C) for both force-displacement
curves and deformed shapes is defined below:
pl ol || s (Aol |2
Rty =wi-||F ()| +wa | # (et (4.23)
where W, and W; are the non-negative weights, Wy, Wy € [0, 1],
Wi+ Wy = 1. Wy and W5 were set to 0.8 and 0.2, respectively, indicating
that the accuracy of the force-displacement data is more critical in this

research. Their values can be adjusted according to the study interest

146, 147).

Isgqnonlin was applied for parameter optimisation as Section 4.2.4, and
the functional tolerance 6 was initially set as 0.01. The value of € can be
adjusted based on the optimisation condition. Isqnonlin will stop when

the following convergence criteria are satisfied:

min[R(C*)] < 6 (4.24)
cr!

The analytical inverse and FE-based inverse procedures specifically for the

proximal portion and the plaque portion are summarised in Figure 4.6.
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Figure 4.6: Flow chart of determining the mechanical behaviours of the
plaque and the proximal portion by using FE-based inverse approach and
analytical inverse approach, respectively.

4.4 Results

4.4.1 Microstructures of the mussel byssus system

Four different microstructures from the mussel byssus system were identi-
fied by SEM analysis (Figure 4.7c-f). For the proximal portion, it can be
seen that numerous folds of various sizes cover almost the entire surface
of the proximal portion, and the furrows between the folds are parallel or
perpendicular to the longitudinal axis (Figure 4.7c). The surface of the dis-
tal portion is smooth, but longitudinal patterns of approximately 1 pym in
width can still be seen on the surface (Figure 4.7¢). Meanwhile, the surface
of the transition part between these two portions has the characteristics of
both, with a smoother surface and a reduced number of folds compared to
the proximal portion, and longitudinal patterns begin to appear (Figure

4.7d).

Due to the difficulty in identifying the location of the transition portion
during the experiments, it was assumed that mussel threads were mainly

composed of proximal and distal portions in this research. Furthermore,
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the mussel plaque with a porous core structure that is distinctly different
from that of the thread is shown in Figure 4.7f. Different microstructural
characteristics and protein composition [10, 57, 148] may be the reasons for
the difference in mechanical behaviours for different portions and provide

evidence for the feasibility of the spring system assumption, which is the

main basis of inverse approaches (Figures 4.7a and b).
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Figure 4.7: (a) The idealisation of the thread-plaque mechanics model,
(b) the overall thread-plaque structure, and (c)-(f) the micro-structures
of proximal portion, transition portion, distal portion and plaque core,
respectively.

4.4.2 Micro-tensile test results

It is evident from Figures 4.8a and b that the force-displacement and strain-
stress curves obtained from the tensile tests in the distal portions exhibit
different failure points, reflecting the unique characteristics of each thread
28, 89, 93]. Nevertheless, the distal portion tests show consistent fail-
ure mechanism patterns, suggesting the applicability of a single material

constitutive model to represent the distal portion.

Meanwhile, the force-displacement curves of the combined distal and prox-
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imal portions and the combined distal and plaque portions are shown in
Figures 4.8c and d, respectively. An inflection point can be found in some
of the force-displacement curves of the combined distal and plaque portions
(Figure 4.8¢), which may indicate that ultimate failure of the combined por-
tions is likely to occur after the yield point of the distal portion. On the
contrary, the force-displacement curves of the combined distal and plaque
portions did not show an obvious inflection point, suggesting that plaque
detachment may occur before the yield point of the distal section. The
comparison of Figures 4.8c and d also demonstrates that the failure dis-
placement of the combined distal and proximal portions is larger than the
displacement of the combined distal and plaque portions, and the failure

force varies from 0.1 N - 0.2 N during these tests.
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Figure 4.8: (a) The tested distal portion force-displacement curves, (b)
the converted nominal stress-strain curves, (c) the tested whole thread
(proximal and distal) portion force-displacement curves, and (d) the tested
distal-plaque portion force-displacement curves.
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4.4.3 mechanical behaviours of individual constituents

mechanical behaviours of the distal portion.

The ”fminsearch” method in MATLAB was first used to generate a tar-
get curve that closely matched the average curve of the three stress-strain
curves of the distal portion (4.8b), as shown in Figure 4.9. The target
curve was then used as input to the inverse approach to speed up the in-
verse calculation. The optimised curves of the analytical and FE inverse
approaches with the assumed Ogden model show close agreement with the
target curve (Figure 4.9). The mechanical behaviours obtained from both
inverse approaches are shown in Table 4.1 and were used as input for the

latter proximal and plaque inverse approaches.

50 T T T T T !
EXP
— Target curve

A0 | - Analytical inverse solution ]
& = FE inverse solution
3
0 30 i
[%]
2 e
2 e
T2 ” i
£
IS
[e)
z

10} i

0 . . ' '

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Nominal Strain

Figure 4.9: The average nominal stress-strain curves of the distal portion
obtained by experiment (EXP curve), fitting (target curve) and inverse
(analytical and FE inverse curves).

mechanical behaviours of the proximal portion.

The process of optimising the material parameters for the proximal portion

followed the method shown in Figure 4.6. Different thread dimensions can
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Table 4.1: mechanical behaviours for the distal portion

Material constants | Analytical inverse solution | FE inverse solution
w1 (M Pa) -529 -528
o 7.19 6.69
p2 (M Pa) 425 426
Qo 7.12 6.79
ps(M Pa) 229 229
Qs -14.5 -12.4

cause a significant variation in the force-displacement curve. Therefore,

instead of using the average experimental value, test 2 was selected from

the three thread (proximal and distal) portion force-displacement curves in

Figure 4.8a to remove the noise and set it as the target curve. The force-

displacement curves from inverse approaches on the basis of the assumed

Neo-Hookean model are in good agreement with the experimental result

(Figure 4.10). Therefore, the material parameter of the proximal portion

C7 and residuals from both inverse approaches are given in Table 4.2.
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Figure 4.10: Nominal force-displacement curves of the thread (proximal
and distal) portion obtained by experiment (EXP curve), fitting (target
curve) and inverse (analytical and FE inverse curves).
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Table 4.2: Proximal portion material parameter C7 (M Pa) and the min of
the sum of square residuals (N?)

Inverse methods C?(M Pa) | min ||[F (C?)||5 (N?)
Analytical inverse method 9.16 0.0004
FE-based inverse method 11.2 0.0005

mechanical behaviours of the plaque portion.

Material parameter Cfl of the plaque portion Due to the complex
and challenging nature of conducting tensile tests on the small and fragile
mussel plaques, the distal-plaque tensile test results were analysed instead
of conducting plaque-only experiments. From the experimental video, the
displacement of the plaque portion prior to failure was measured to be
0.25 mm. Subsequently, by applying Eq. 4.19 to the force data obtained
from the distal-plaque test 1 (Figure 4.8d), the force-displacement curve for
the individual plaque can be constructed, as shown in Figures 4.11b and
d. Furthermore, three deformation shapes at different displacements were
obtained from test 1 (Figure 4.11a). The leftmost points of the deformed
shapes were set as the coordinate origins, and the shapes were further
converted into three shape curves using Graph Grabber v 2.0.1 (Figures

4.11c and e).

The experimental force-displacement and shape curves (Figures 4.11b-e)
were used as input for the FE inverse approach, then the material param-
eter for the plaque portion Cfl was output as 1.2 M Pa with a minimum
sum of squared residuals 0.137 mm? (Table 4.3). The general agreement
between the force-displacement curves and the shape curves obtained from
the experimental results and the inverse results can be seen in Figures 4.11b
and c¢. However, by carefully comparing the shape curves of the FE and
the experiment, it can be observed that the shapes of the FE model with

a fully fixed bottom surface showed obvious deformation only in the up-
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Figure 4.11: (a) The side view of plaque deformation at d, = 0mm,
dy = 0.16mm, dy, = 0.25mm. (b) The force-displacement curves at

dy = 0mm,0.16mm, 0.25mm without considering partial detachment at
the bottom surface in the FE inverse solution, (c) the deformed shape
comparison of the plaque portion at d, = Omm, 0.16mm, 0.25mm without
considering partial detachment from the bottom surface in the FE inverse
solution, (d) the force-displacement curves at d,; = Omm, 0.16mm, 0.25mm
with partial detachment at the bottom surface in the FE inverse solu-
tion, and (e) the deformed shape comparison of the plaque portion at
dp = 0mm, 0.16mm, 0.25mm with partial detachment at the bottom sur-
face in the FE inverse solution.

per part (Figure 4.11¢). On the other hand, the shapes of the experiment
showed a more monolithic deformation, which also occurred in the area of
the plaque that is far away from the stretch thread (Figure 4.11¢). Mean-
while, after d,; = 0.16mm, the experimental curves were slightly lower than
the simulated curves (Figure 4.11b). Therefore, the results could indicate a
possible partial detachment on the bottom surface at d,; = 0.16mm during

the experiment.

Table 4.3: Plaque portion material parameter CY : (M Pa) and the minimum
value of the sum of square residuals (mm?) from the FE inverse approach

Inverse output without detachment
o 1.2
min R (C{’l> 0.137
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Potential partial bottom surface detachment radius optimisation
In order to further analyse the bottom surface detachment radius at d,; =
0.16mm, it was assumed that the detachment area was a circle and that the
projection of the centre point on the upper surface to the lower surface was
used as the detachment centre point. Furthermore, the material parameter
C’fl was assumed to be the same as 1.2M Pa, and the detachment radius
from dy = 0.16mm to dy = 0.25mm was assumed to be constant. The
updated target force-displacement curve shown in Figure 4.11d was applied
as the new input. Meanwhile, the radius of bottom surface detachment was
optimised inside the FE inverse approach instead of the material parameter
Cfl. The 3D FE model used within this FE inverse approach was the
same as in Section 4.2.3. The only difference was that the fixed boundary
conditions at the bottom points within the detachment area were removed
at dp = 0.16mm to simulate the bottom surface detachment during the
optimisation process. Specifically, the detachment radius had to be less
than the distance from the centre of the detachment to the outer boundary

of the bottom surface.

The updated inverse results with detachment can be seen in Figures 4.11d
and e with a detachment radius = 0.6 mm and a less minimal sum of
squared residuals 0.01 mm? (Table 4.4). The FE and experiment deformed
shapes at d,; = 0.16mm and 0.25mm were more consistent than the previ-
ous results (Figures 4.11d and e). The discrepancy between the FE and the
experimental deformed shapes at d,; = 0.25mm suggests a possible detach-
ment range greater than 0.6 mm. However, it is important to note that
0.6 mm represents the maximum detachment radius without touching the
edge of the bottom surface. This observation suggests that the detachment
might be a dynamic process in which the detachment range gradually ex-

pands and is not static. Overall, the implementation of shape optimisation
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in the mussel plaque’s FE inverse approach leads to a more accurate result.

Table 4.4: Bottom surface detachment radius r,(mm) and the minimum
value of the sum of square residuals (mm?) from the FE inverse approach

FE inverse approach output with detachment
Ty 0.6
min | R (Cfl> 0.01

4.5 Discussion

In recent decades, several reports have investigated the tensile stress-strain
behaviour of the mussel byssus system as a whole and its distal and prox-
imal portions individually [6, 26, 27, 91]. However, due to the size of the
mussel byssus system and the complexity of the biomaterial composition,
there are still some challenges to comprehensively understanding its mecha-
nism using experimental or numerical methods. In our study, the analytical
and FE inverse approaches were applied for the first time to obtain the me-
chanical behaviours of the constituents of the mussel byssus system in this
investigation, which could simplify the process of obtaining experimentally
challenging mechanical behaviours of the mussel byssus system or any other
compound material system. The results show that the force-displacement
curves based on the identified mechanical behaviours from both inverse ap-
proaches are in good agreement with the micro-tensile test results, which
demonstrates the feasibility of inverse methods for identifying the mechan-
ical behaviours of biomaterials. Notably, the biological characteristics of
mussel plaques contribute to the variability in plaque underside shapes.
Even plaques from the same mussel exhibit different structures depending

on the temperature or PH levels [16, 21]. This investigation focuses on
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the application of the finite element (FE) inverse method, where the se-
lected plaque had a nearly heart-shaped underside. However, in the study
of Desmond et al. (2015) or Pang and Liu (2023), the undersides of the
plaques showed an oval or square shape [6, 9]. Therefore, the integration
of the inverse method with basic mechanical and optical tests is essen-
tial for a comprehensive analysis. Furthermore, it is pertinent to highlight
that our experimental protocol only applied a stretching angle of 90rather
than aligning with the natural growth direction of mussels, as the research
focus is to assess the feasibility of inverse methods to obtain the mechan-
ical behaviours of the mussel byssus system. Pang and Liu (2023) have
conducted a detailed analysis to explain why the natural growth angle of
mussel plaques is close to 15using directional tensile experiments and FE
simulations [9]. Additionally, the deformed side shapes and the potential
detachment of the plaque bottom surface were also included in the FE
inverse approach to further increase the accuracy of the results. Specifi-
cally, in the study conducted by Waite et al. (2019), the spring constant
and Young’s modulus of the mussel plaque were obtained by simplifying the
tress-strain curve of the combined distal and plaque system into three linear
regions [133], while the consistency between our experimental and inverse
curves suggests that the third-order Ogden model may be a more accurate
option for characterising the mechanical behaviours of distal threads, and
the Neo-Hookean model may be a better choice for describing the mechan-

ical behaviours of both proximal threads and mussel plaques.

In the present study, the tensile behaviour of the different portions of the
mussel byssus system, as well as the microstructures of the different por-
tions derived from micro-tensile tests, are also in agreement with the results
of previous studies [16, 26, 27, 39]. The unique folds and furrows found in

the proximal portion might be one of the reasons why the proximal por-
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tion is more deformable than the distal portion, as they allow the proximal
portions more room to stretch and expand, helping to dissipate the strain
energy (Figures 4.7c and e). Meanwhile, the variety in protein composition
could be another reason to explain the differences in the tensile properties
of the different portions. The biochemical composition of the mussel byssus
system has been well researched, particularly the protein composition and
metals [10, 22, 57, 99, 149]. The distal portion is enriched in PreCol-D,
whereas the proximal part is enriched in PreCol-P. PreCol-P with elastin-
like folding sequences in the flanking domains is embedded in the matrix
proteins of the proximal portion to provide greater elasticity. While preCol-
D with spider silk-like sequences in the flanking domains could be reinforced
with a (-sheet crystalline particle matrix to provide greater strength and
toughness in the distal portion [150]. Additionally, the protein compo-
sitions of the plaques differ from those of the threads, which are mainly
composed of MFPs that help adhesion of the mussel plaque. The mechan-
ical behaviours, chemical composition, and microstructure of these three
portions contribute to a better understanding of the mechanism and en-
ergy consumption underlying the composite characteristics of the mussel

byssus system.

Although identifying the mechanical behaviours of each portion in the mus-
sel byssus system is a significant first step in analysing the mechanism of
how mussels remain stable on the seafloor against persistent waves, future
investigation is needed once the mechanical behaviours have been obtained.
For example, mussel threads are a composite of an external cuticle and a
fibrous core, whereas mussel plaques are a composite of a cuticle and a
porous core. It is not yet clear how the cuticle layer and core affect ten-
sile behaviour, respectively. Meanwhile, several questions have not been

addressed. The failure mechanisms of the mussel byssus system have not
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been studied in this research. The potential partial detachment optimisa-
tion method in this research provides a potential direction for the future
failure mechanisms analysis of the mussel byssus system. The partial de-
tachment process was simplified to occur only at a fixed tensile displace-
ment and follow a circular shape, but the real dynamic detachment at the
bottom surface of mussel plaques is more complex. Moreover, the study by
Wilhelm et al. (2017) found that due to various forms of microstructural
damage, the force-displacement curves of the mussel byssus system under
multiple loading cycles showed a hysteresis behaviour, but interestingly the
material strength remained comparable to that of the monotonically loaded
mussel byssus system [66]. In our research, the hyperelastic material con-
stitute models were applied to describe the mechanical behaviour of the
mussel byssus system before failure. However, based on the definition of
hyperelastic material, which is if the load is removed, the deformation is
fully reversible with no plastic deformation. Therefore, the mussel byssus
system was idealised as a hyperelastic material in this research. Future
work can focus on simulating and analysing the damage and self-healing
of the mussel byssus systems under multiple loading cycles. Additionally,
the deformed shapes applied for the partial detachment analysis were 2D.
Future work can focus on obtaining more accurate 3D deformed shapes to

improve the accuracy of the inverse methods.

In our study, we introduced analytical and FE inverse methods to obtain
the mechanical behaviours of the constituents of the mussel byssus sys-
tem and validated the feasibility of these methods, which provide a new
approach to analyse the composite behaviour of the mussel byssus system
and any other biocomposite material for future biomaterial mechanism re-
search. Meanwhile, the diversity of mussel byssus system mechanisms also

provides many insights for mimetic applications in engineering and mate-
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rials design, such as the design of anchor systems using the feature of the

mussel byssus system to reduce fatigue in the mooring lines.

4.6 Conclusion

In this research, both analytical and FE inverse methods have been ap-
plied for the first time to determine the individual mechanical behaviours
of the mussel plaque and the proximal portion. Those inverse methods
were critical due to the inherent difficulty in obtaining these properties
through conventional tests. The inverse methods utilised experimental
force-displacement curves from different constituents of the mussel byssus

system and side-deformed shapes of mussel plaques as optimisation metrics.

The findings indicate that these inverse techniques effectively identify the
individual mechanical behaviours of the proximal thread and the plaque
using reasonably assumed constitutive material models with the sum of
square residuals equal to 0.0004 (N?) and 0.01 (mm?), respectively. Mean-
while, the results support the accurate representation of the mechanical
behaviours of the distal portion with the Ogden model and the proximal
and plaque portions with the Neo-Hookean model. Additionally, this study
has also conducted a comprehensive characterisation of the microstructure
and mechanical behaviours of the three different portions within the mussel
byssus system. The distal portion exhibits elevated strength but reduced
deformability in contrast to the proximal portion. The variations in the
tensile behaviour among these portions could be attributed to differences
in their microstructure or chemical composition. Finally, the study has
also discussed the application of the FE inverse method for the calculation

of the potential plaque bottom surface detachment radius.
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The material parameters obtained from the inverse methods offer an oppor-
tunity for in-depth analysis of the material behaviour of the mussel byssus
system. Future studies could focus on further improving the precision of in-
verse approaches by assessing the transition mechanisms between different
portions and monitoring the dynamic detachment processes of the plaque
bottom surface. Additionally, it will be necessary to determine the fracture
characteristics of these three portions in the future and simulate the entire
fracture tensile process using a comprehensive 3D finite element model of

the mussel byssus system.
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pore distribution and
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5.1. INTRODUCTION

5.1 Introduction

The mussel byssus system, consisting of protein threads and porous plaques
(Figures 5.1a and b), can anchor to almost any surface in harsh marine
environments [4, 68, 133, 151]. This ‘anchoring’ system enables mussels to
withstand a force equivalent to approximately 10 times their own weight
(Figure 5.1a) [9]. Meanwhile, the high deformability of mussel plaques
allows them to undergo significant deformation without fracturing under
the strong hydrodynamic forces exerted by the ocean. In nature, mussel
plaques undergo directional tensions with pulling angles ranging from 0°
to 90°. Our previous study developed a customized microscope system
to apply quasi-static tension to mussel plaques and found that they can
experience substantial deformation [9], exhibiting up to a 2.8-fold increase

in volume when the pulling angle reaches or exceeds 45° (Figure 5.1c¢).

However, despite thorough studies on the adhesive performance of mussel
plaques [1, 6, 40, 44, 152|, the cause of their high deformability remains

unclear.

Mussel plaques consist of a porous core and a protective cuticle layer (Fig-
ure 5.1b) [16, 17, 66, 67]. The cuticle layer is approximately 4 pm thick
and is covered by granules about 0.5 um in size [9]. The plaque features
randomly distributed nano- (small-) and micro- (large-) scale pores, with
diameters approximately ranging from 50-800 nm to 1-3 um, respectively
(Figure 5.1d, e and f). The obtained pore size ranges are consistent with
previous studies [16, 21]. The formation of porous structures is closely re-
lated to the seawater temperature and pH levels [16, 21]. The plaque core
and cuticle layer work together to enhance deformability and establish a
robust load-bearing capacity [6, 9, 153]. The pore structure of significantly

deformed plaques has been reported in previous work [66, 154]. However,
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the evolution of the pore deformation under external loads, leading to high

deformability, remains unclear.

Previous research has suggested that the pore arrangement within the
plaque cores might influence the stress heterogeneity and thus have a sig-
nificant impact on their deformability [134]. However, this study mainly
applied ordered pores rather than the natural pore arrangement found in
mussel plaques. It is, therefore, crucial to understand the role of the natu-
rally porous structure (Figure 5.1e) on the mechanical behaviours of plaque

cores.

This study is motivated by the need to investigate the impact of the plaque
core’s porous structure on its mechanical performance, with a focus on
deformability. We investigated the effects of pore distribution (Figures
5.1d and f) and multi-scale porous structure (Figure 5.1e) on the mechanical
properties of plaque cores. The actual pore distribution within plaque cores
was determined using scanning electron microscope (SEM) analysis. Scaled
distribution parameters were then applied to create two-dimensional (2D)
porous representative volume elements (RVEs) for subsequent numerical
and experimental investigations of the porous structures. The validated
phase field method, incorporating the Neo-Hookean model, was used in the
simulations to investigate the effect of pore distribution and multi-scale
structure on the failure mechanism of porous RVEs. By fully understanding
how the pore distribution and multi-scale porous structure influence the
mechanical performance, this study provides valuable insights for designing

highly deformable metamaterials inspired by mussel plaques.
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Figure 5.1: (a) Mussel byssus system attached on a rock, (b) schematic
diagram of the mussel plaque’s microstructure [9], (c) large deformation of
mussel plaque under tension, (d) the distribution of normalized x and y
coordinates for large pore centres within the mussel plaque core, (e) the
SEM photo showing the multi-scale porous structure of mussel plaque core
and (f) the distribution of normalized radius for both large-scale (mirco)
and small-scale (nano) pores within the mussel plaque core.

5.2 SEM characterisation of mussel plaque

core

5.2.1 SEM sample preparation

Blue mussels (Mytilus edulis) were collected from the intertidal zone off
the coast of Hunstanton, UK. Subsequently, they were tied to small acrylic
plates and kept in a water tank with cold (8°C-10°C), oxygenated, and
continuously circulated and filtered artificial seawater. Sea salt (Tropic
Marin Pro-Reef Sea Salt, UK) was mixed with fresh water to replicate
the salinity and pH levels seen in natural seawater (salinity = 33 ppt and
pH = 8). The plaques were separated from the acrylic plates using a ra-
zor blade (Accu-Edge® Disposable Microtome Blades S35). The collected

plaques were fixed in a solution containing 3.7% formaldehyde and 2.5%
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glutaraldehyde for approximately four hours [9, 16]. After that, plaque
samples were placed in Milli-Q water at 4°C for three days. The plaques
were then sectioned into 20 um thick slices at a temperature of —20°C using
a cryostat (Leica CM1850) and immediately immersed in Milli-Q water to
remove the mounting medium [16]. The plaque slices underwent dehydra-
tion through sequential concentrations of ethanol and were subjected to two
drying cycles of hexamethyldisilane (HDMS) [16]. The dehydrated samples
were sputter-coated with a 10 nm thick iridium layer for 120 seconds using
a Quorum Q150V Plus and imaged using a JEOL 7100F FEG-SEM with

an accelerating voltage set at 5 kV.

5.2.2 The pore distribution analysis for mussel plaque

core

Two-dimensional (2D) SEM images have suggested that the pores within
the plaque cores are of two different scales, ranging in diameter from 50-
800 nm (small-scale pores) to 1-3 um (large-scale pores) (Figure 5.1e).
The pore distribution of large-scale pores within those SEM photos was
first examined. A total of nine SEM photographs from various plaques and
different locations within the same plaque were analysed to minimize the
impact of cut position on the large-scale pore distribution, ensuring that
the SEM analysis results were representative (Figures 5.1e, 5.2, D.1 and
D.2 in Appendix D.1). The irregular large-scale pores were simplified into
circular shapes, as shown by the pore outlines in Figure 5.2. The simplifica-
tion facilitates a more direct method for obtaining important distribution
factors for large-scale pores such as porosity, pore radius, pore number
and the coordinates of pore centres, which in turn ensures consistency of

analysis. Despite the simplification to circular pores, the main geometric
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features of plaque cores were retained, thus ensuring that the pore distribu-
tion remained consistent with the original complex structure (Figure D.8)

(Details shown in Appendix D.2).

Meanwhile, the radii of large-scale pores and the coordinates of the pore
centres were normalised by dividing the length of the squared SEM image
edges (I,) for the distribution analysis. The normalised mean value (/i)
and normalised standard deviation value (5;) of the large-scale pores’ radius
were calculated as:

w  Tpl T Tp2+ -+ Tpy

i, = (5.1)

p m * g

N2
Zi:1 (f - MZ)

m

where 7, is the radius of large-scale pores within the SEM images and m

is the number of large-scale pores within the SEM images.

The porosity of large-scale pores within the selected SEM image can be

Calculated as:

l 2

v = (5.3)
It can be observed that the large-scale pore radius consistently follows
a lognormal distribution (Figures 5.1e, 5.2, D.1 and D.2). However, the
distribution parameters and porosity may be affected by the position of
the slices or plaques considered (see Tables 5.1, D.1 and D.2 in Appendix
D.1). The range of f, within the plaques is approximately 0.021-0.043,
while the range of s} is approximately 0.005-0.014. The porosity of large-
scale pores (v;) ranges from 23% to 33%. Additionally, the Q-Q plots

(quantile-quantile plots) (Figure D.4 in the Appendix D.3) comparing the
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x and y coordinates of large-scale pore centres in the nine SEM images
(Figures 5.1e, 5.2, D.1 and D.2) show that both the x and y coordinates

are consistent with a uniform distribution.
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Figure 5.2: Pore size and location distribution analysis for SEM images of
different plaques.

Therefore, it can be concluded that the radius of large-scale pores is lognor-

mally distributed, and the coordinates of the large-scale pore centres are
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uniformly distributed within the mussel plaque core. Because the distri-
bution parameters and porosity vary for each SEM photo, the parameters
of Figure 5.1e were selected and scaled to generate the porous RVEs for
further study: v;=27%, py=1.12 um and s;=0.34 ym. p’ and s; are the
mean and standard deviation values of the lognormal distribution of the

large-scale pores within Figure 5.1e, respectively.

Table 5.1:  Porosity (v;), normalised mean radius (fi;) and normalised
standard deviation of radius (57) of the simplified large-scale pores within
the SEM images for different plaques.

*

Porosity (v) | fi 5

p
Plaque 1 25% 0.037 | 0.011
Plaque 2 26% 0.034 | 0.01
Plaque 3 30% 0.037 | 0.014

The pore radius distribution of the small-scale pores also follows a lognor-
mal distribution with a mean value of 150 nm and a standard deviation
value of 190 nm (Figure 5.1f). The porosity of the small-scale pores (vy)
in Figure 5.1e was calculated using ImageJ® as 5%. The analysis for the
small-scale pore distribution ensured that our main focus remained on the
comprehensive study of large-scale pore distributions while still gaining

relevant insights into the characteristics of small-scale pores.

5.3 The generation of the porous RVEs

Two types of porous RVEs were generated for the numerical study. The
first RVE type investigates the effect of large-scale pores, while the second
RVE type examines the impact of the multi-scale architecture of the mussel

plaque core.
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5.3.1 Generation of single-scale porous RVEs and

post-processing procedure

To overcome manufacturing limitations, the plaque pore sizes were scaled
up by a factor of 1000, transitioning from microns to millimetres, to en-
able 3D printing of the test samples. Two-dimensional (2D) square-shaped
porous RVEs were generated by using the scaled distribution parameters
of the large-scale pores (v;=27%, py,=1.12 mm and s3,=0.34 mm). The
dimensions of the RVEs are 30 x 30 mm, comprising solely large-scale pores

with the remaining volume filled with solid material.

The size effect of the porous RVEs was investigated by studying the re-
sponses of the porous RVEs with ordered pore arrangement and uniform
pore size (details shown in Appendix D.4). The ordered porous RVEs
featured porosity that was consistent with that of the large-scale pores ob-
tained in the SEM image (v,=27%). The pore size within these RVEs was
consistent with the scaled mean value of the large-scale pores (5 =1.12
mm), and the spacing between adjacent pores was the same (Figure D.5 in
Appendix D.4). The results obtained from the simulations showed that the
RVEs with the 30x30 mm dimension could reflect the macroscopic stress-
strain relation of the porous structures (Figures D.6 in Appendix D.4). The
macroscopic stress was determined by dividing the reaction force in the ten-
sile direction by the cross-sectional area of the RVE, while the macroscopic
strain was calculated by dividing the displacement in the tensile direction

by the side length of the RVE.

The commercial FE package ABAQUS was employed to create the single-
scale RVEs using Python scripts. Within the Python scripts, the function
random.lognormuvariate (pu,, s,) was used to generate pores in the RVEs

following a lognormal distribution, where (1, is the mean value of the normal
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distribution corresponding to the lognormal distribution within the SEM

image:

M*Q
[y = 1n <¢) = 0.07 mm (5.4)

*2 *2
V :ups + Sps

sp is the standard deviation value of the normal distribution corresponding

to the lognormal distribution within the SEM image:

*2

8*2
Sp = ln( £ —I—l) = 0.3 mm (5.5)
Hops

The coordinates of pore centres follow a uniform distribution in accordance
with the coordinate distribution observed in the SEM images (Figures 5.1e,
5.2, D.1, D.2 and D.4). The function random.uniform (low, high) was
applied in the Python scripts to identify the locations of pores in the RVEs,
where ‘low’ and ‘high’ are the min value and max value of pore centre

coordinates, respectively.

Therefore, in order to ensure all the pores are contained within the RVE,

each pore’s centre coordinates (z;, y;) must adhere to the following relation:

(z,y) €{(wpys) [ri <z Sw—ryry Sy <w—rif i €n (5.6)

here, n is the number of pores within the RVE, r; represents the i th pore
radius in the RVE, and w is the side length of the RVE, i.e. w= 30 mm.
r; and w — r; present ‘low” and ‘high’ in the function random.uniform(low,

high), respectively.

Moreover, the distance between the centres of any two pores 6 in the RVE

86



5.3. THE GENERATION OF THE POROUS RVES

must be greater than the sum of their radii to avoid overlapping:

0= P i Adiden ()

Consequently, the porous RVEs created through the ABAQUS Python
scripts were required to fulfil all the previously mentioned criteria before

being subjected to the FE analysis in ABAQUS.

The generated single-scale porous RVEs were discretised using 2D trian-
gular plane stress elements, i.e. CPS3T [155] in ABAQUS notation and
analysed using the phase field modelling method via analogy to a cou-
pled heat transfer-displacement analysis [156]. The phase field method is

described in more detail in Section 5.4 below.

Following the completion of the ABAQUS calculation, a further Python
script was developed with the objective of obtaining the following data

from ABAQUS .odb files:

1. The coordinates (z;, y;) of all pore centres for each RVE (i =1,2,3...n)
2. The radii r; of all pores for each RVE
3. The number of pores for each RVE

4. The macroscopic stress-strain curves for each RVE

Furthermore, a MATLAB algorithm was created to extract and calculate
various parameters from the stress-strain data sets. These include the
strain energy density (y), strength (o,,4,), final failure strain (e7s), and
the strain difference (Ae) between the initial failure strain and the final
failure strain for each RVE. In particular, the strain energy density (¢)

was calculated as the area under the stress-strain curve. The initial failure
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strain was defined as the strain value corresponding to the peak strength,
and the final failure strain (¢;;) was the strain value corresponding to the
point that stress decreased to 0. Additionally, the normalised mean value
(1) and normalised standard deviation value (3) of the pores’ radius within

each single-scale RVE were calculated as:

7‘1+7’2+"'+7’n
n x w

(5.8)

=
Il

5 — \/2?1 (% _ ﬂ)2 (5'9)

5.3.2 Generation of multi-scale porous RVEs and

post-processing procedure

To further investigate the influence of multi-scale porous structures on mus-
sel plaque behaviour, three different single-scale RVE FE models were se-
lected. The multi-scale porous structures were 3D in nature, and the cell
walls were 2D surfaces. As an approximation, a 2D idealisation was made
for the 3D porous structures. The multi-scale porous structures were gen-
erated by removing 2D elements in the FE models and reconnecting the
nodes using lines. In the simulation, the walls of the pores were repre-
sented by these lines. The approximation can be justified as follows. It is
a simple way as a first step into the study. On the other hand, it should
be capable of offering some qualitative assessment of the behaviour of such
structures. As a result of such idealisation, 2D wall surfaces were reduced to
1D elements, which were subsequently simulated using 1D elements in the
finite element (FE) models, connecting the nodes to form 2D porous struc-

tures. Additionally, for cellular solids made of rubber-like materials, the
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type of unit cell primarily determines whether stretch- or bending-governed
behaviours during the elastic deformation stage. However, rubber-like ma-
terials are highly stretchable, with a failure strain of approximately 1.2
(Figure 5.5). Under large deformations, they ultimately exhibit stretch-
governed behaviour regardless of the unit cell type [157, 158]. In this sce-
nario, each truss or the walls of the small pores mainly experience axial
tension, similar to the behaviour of truss elements in finite element (FE)
simulations. Therefore, truss elements (T2D2T elements [155]) are a good
approximation in FE simulations, as they effectively capture the stretch

deformations of the walls.

The radius of the truss elements was determined to ensure that the newly
generated multi-scale porous RVEs reflected the same overall porosity (v =
vs + v, = 32%) with the SEM image (Figure 5.1e). The approximate size
of the small-scale pores within the multi-scale porous RVEs was set to 0.5
mm, which falls within the scaled range of small-scale pore sizes observed
in mussel plaques (0.05 mm-0.8 mm). A size effect study, detailed in the
Appendix D.5, confirmed that the size of the small-scale pores within the
multi-scale porous RVEs has an insignificant impact on the macroscopic
material behaviours (Figure D.7 in the Appendix D.5). Notably, the struc-
tural configuration adopted in the multi-scale porous RVEs serves as an
approximation for examining the multi-scale porous structure of the mus-
sel plaque. This simplified model was utilised to explore characteristic be-
haviours of such structures rather than a precise duplication of the plaque’s

hierarchical structures.

Building on the same material properties and periodic conditions [159, 160]
used in the single-scale RVE FE models, the phase field method was applied
to analyse the failure behaviour of the multi-scale RVEs (Section 5.4). The

stress-strain curves of multi-scale RVEs were extracted from the ABAQUS

89



5.4. ABAQUS IMPLEMENTATION AND EXPERIMENTAL
CALIBRATION OF THE PHASE FIELD MODELLING METHOD

.odb files, and fracture paths were analysed using the Abaqus/CAE graph-

ical user interface.
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Figure 5.3: Schematic drawing of multi-scale porous RVEs generation
(The mesh element type switched from 2D triangular plane stress elements
CPS3T to coupled temperature-displacement truss element T2D2T).

5.4 ABAQUS implementation and experimen-
tal calibration of the phase field mod-

elling method

5.4.1 Theory of phase field method for fracture mod-

elling

The phase field method was applied to analyse the failure mechanism of
test samples and RVEs. The parent material was assumed to be an incom-
pressible Neo-Hookean material. Therefore, in this section, a phase-field

method for the incompressible Neo-Hookean material is introduced.

According to the theory of energy conservation, when a crack grows in an
arbitrary body €, the energy per time unit £ provided externally is equal

to the rate of the strain energy U stored in the material and the rate of the
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energy D5 dissipated from the crack:

E =U + D¥s (5.10)

Let ¢ denote the phase field variable. The value of ¢ is between 0 and
1, with ¢ = 0 and ¢ = 1 denoting undamaged materials and fully dam-
aged materials, respectively. The quadratic degradation function g(c) is

introduced to control the material stiffness, i.e.,

g9(c) = (1—¢)” (5.11)

Therefore, the strain energy stored in the material can be written as the

following:

U:/Qg(c)god‘/ (5.12)

where ¢ is the strain energy density.

For incompressible 2D plane stress studies in this research, the strain energy

density ¢ can be expressed as [161]:

© = piso(F) (5.13)

where F' is deformation gradient tensor, @;s(F') is the isochoric strain

energy density.

Therefore, based on the vector calculus identity [162] and divergence the-

orem [163], the rate of the stored strain energy is given by:

U:/Q<a‘g—(cc)goc’) dV—F/an(c)g—;-u-ndA—/Q (V- <g(c)§—1ﬁ)>-udv

(5.14)
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where ¢ is the rate of the damage variable, % is the velocity field presenting
the rate of change of the displacement field u with respect to time, 0 is
the surface of the volumetric body €2 and n is the outward normal to the
surface 0§2. The derivation process for Eq. 5.14 is shown in the Appendix
D.6.

Meanwhile, the dissipated crack formation energy density 7 was given by

Miche et al. (2010) [164]:

2
T =Gy, Ve) =G, (% + é(Vc : Vc)) (5.15)

where G, is the critical energy release rate and v,(¢, V) is the crack density
function with length scale parameter [ , phase field variable ¢ and the spatial

gradient Ve [164].

Therefore, the energy dissipated by the crack formation D/ and the rate

of the dissipated energy from crack formation D/ can be written as:

2
D/ = / rdV = / G, (C— + £(vc : Vc)) dv (5.16)
o 0 “\2i "2

DS = /QGC (% +z(vc-vc')> dv (5.17)

Again, based on the vector calculus identity [162] and divergence theorem

[163], Eq. 5.17 can be rewritten as:
i . [C 2 .
D= | G (— v c) AV + | GiVei-ndA (5.18)
0 ! o0

The derivation process for Eq. 5.18 is in the Appendix D.7.

Moreover, a rate of dissipation energy for crack growth D¢ was introduced
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by Pascal et al. (2019) [161]:
DI = / 12V (5.19)
Q

where scalar k; denotes a viscosity parameter. Thus, the rate of the dissi-

pated energy through the crack can be presented as:

Ddiss = Df 4 P9 = / G.é (% —zv%) AV + | GIVee-ndA+ / ¥ 1%
Q

" (5.20)

o0

Additionally, the external energy can be broadly classified into work done
by surface tractions (forces acting on the boundary of the body) and body
forces (forces acting throughout the volume of the body). Hence, the rate

of external energy F can be expressed as:

E_/b-udv+/ t-udA (5.21)
Q o0

where b presents the volumetric body force vector and t is the surface

traction force vector.

Therefore, based on Eqgs. 5.10, 5.14, 5.20 and 5.21, it can be obtained as

follows:

/b-udv+/ t'udA:/c' ag—(c)go—l—Gcc—GclVQc—l—mc' dVv
Q a0 Q dc l

L5 roig)) o

+ / g(c) —&0 -u-ndA+ G IVece-ndA
o0 OF 0
(5.22)

Given the macroforce and microforce balances, we can finally obtain the
following equations:

v (g(@g—lﬁ) +b=0 (5.23)
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dg(c) G
Oc o l

— G JIVic+ Kié=0 (5.24)
with the following Neumann boundary conditions that may be applied

g(c)g—]ﬁ ‘n=tand G.IVc-n=0 (5.25)

Based on Eq. 5.24, if k; = 0, the phase-field response is rate-independent.

Alternatively, the response is rate-dependent.

5.4.2 Finite element (FE) analysis implementation
Heat transfer analogy

The strain energy density for the incompressible Neo-Hookean material

specifically is shown below:
p=0C1 (L —3) (5.26)

where C] is a material constant and I; is the first invariant.
Combing Eqgs. 5.11, 5.24 and 5.26,

K. oo, 20=¢)-[Ci(li=3)] ¢
Gl Ves Gl 2

(5.27)

The time derivative term of phase field variable ¢ can be expressed as:

dc_ac @ +@ +@
A Vy o

where z, y, z are the spatial coordinates; and v,, v,, v, are the corresponding

velocity components.
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Because the focus of our research is the progressive and slow fracture of 2D
porous structures, it was assumed v, ~ v, ~ v, ~ 0. Therefore, Eq. 5.28
can be simplified as:

b= — R — (5.29)

Furthermore, Eq. 5.27 can be rewritten as:

p1L ey 2(1—¢)-[Ci(lLi—3)] ¢
Giol Ve~ Gl 2 (5.30)

Meanwhile, the field equation of heat transfer given by the first law of

thermodynamics reads as,

T
pcp%—t — kV?T =g (5.31)

where T' is the temperature field, %—? is the rate of the temperature field, k
is the thermal conductivity, ¢, is the specific heat, p is the density, and ¢

is the heat source.

Given the similarity of Egs. 5.30 and 5.31, the phase field model can be
implemented via the heat transfer analogy by letting the temperature vari-
able T represent the phase field variable ¢. Assuming k& = 1, the equation

for the heat source ¢ can be expressed as:

or 5 Oc s 2(1—¢)-[Cy (L =3)] ¢
=pey— — VT =n-— = - = .32
1= Py — V=0 — Ve G.l g (932

where pc, is analogised as the fracture parameter 7, n = &4.

95



5.4. ABAQUS IMPLEMENTATION AND EXPERIMENTAL
CALIBRATION OF THE PHASE FIELD MODELLING METHOD

ABAQUS implementation

The phase field method was numerically implemented in ABAQUS using
combined User subroutines UHYPER and HETVAL. The strain energy
density ¢ of the Neo-Hookean material model was degraded in UHYPER
using Eq. 5.11. A local history variable field H introduced by Miehe
et al. (2010) [164] was applied to store the value of the strain energy
density within the UHYPER and transfer it to the HETVAL subroutine
to achieve the temperature analogy. The history variable field H could
prevent reversible damage and ensure that the damage variable continues

to grow until completely damaged [164]:

H = _ 5.33
e (¢i=p) (5.33)

Meanwhile, the heat flux (¢) and the changing rate of the heat flux ()
were defined in the HETVAL subroutine as follows:

_2(1—¢) c
=G H — 2 (5.34)
_0q _0q (1 2H
X=0T = 9e <z2 i Gcl) (5.35)

The coupled temp-displacement solver within the ABAQUS package was
used for the FE calculations. The ‘steady-state’ solver option was employed
for rate-independent phase-field analysis (i.e., k1 = 0), while the ‘transient’
response was used for the rate-dependent phase field model. It is also nec-
essary to define the thermal conductivity (k), density (p), and specific heat
(¢,) within the material properties for the rate-dependent model, while only
the thermal conductivity (k) needs to be defined for the rate-independent

model. The material constant C1, the critical energy release rate G, and the
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length scale [ needed to be defined for both models within the Hyperelastic
"User-defined’ section. Additionally, the ‘Depvar’ and ‘Heat Generation’
options were active to achieve element deletion and the temperature field
analogy, respectively. The temperature field was created inside the FE
model with magnitude = 0, and the results of the nodal solution temper-
ature (NT11) were plotted to visualise the phase field solution (Element
with NT'11 > 1 was deleted).

5.4.3 Material parameters acquisition and model cal-

ibration

Single-edge notched tension (SENT) tests

Obtaining precise material properties of mussel plaque soft cores is challeng-
ing due to current limitations in technical and experimental methodologies.
As the focus of this paper is to understand the effect of the microstructure
rather than the material properties of the parent material, TangoBlack Plus
FLX980, a soft and highly deformable 3D printing material, was employed
to reproduce the scaled microstructure in both numerical and experimental
studies. The samples were printed using the Stratasys Objet 260 Connex
3 3D printer, which uses light-based printing techniques, specifically pho-

topolymerisation [165].

Single-edge notched tension (SENT) tests [166] with different notch lengths
were carried out to obtain the material parameters of TangoBlack Plus
FLX980, including the material constant C}, critical energy release rate
G, and length scale [. Rectangular strips used in the SENT tests had
a total length of 100 mm (clamp distance 80 mm), a width of 25 mm, a

thickness of 1 mm, a notch width of 0.3 mm, and variable notch lengths («)
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ranging from 0 mm to 4 mm (Figure 5.4a) [166, 167]. The sample size was
designed based on the rubber fracture experiments conducted by Rivlin
and Thomas (1953) [167] and Roucou et al. (2019) [166]. Samples were 3D
printed using TangoBlack Plus FLX980. SENT tests were displacement-
controlled with a fixed strain rate of 100% strain/min using an INSTRON
tensile machine. Since the primary focus of this study does not involve the
parent material, the effect of the global strain rate on the parent material
was not discussed. Instead, we ensured that the global strain rate was
consistent for both SENT tests and following porous sample tensile tests
to exclude the effects from the parent material. A Thorlabs DCC1545M
CMOS camera, equipped with an imaging lens (focal length of 100 mm),
was employed to monitor specimen deformation [168-170]. The CMOS
camera was configured at a frame rate of 10 fps and a special resolution of

9.6 pixels/mm.

C) and G, were determined by analysing the nominal stress-strain curves
obtained from SENT tests. (4 was derived by fitting the tensile stress-
strain curves prior to failure, and the critical strain energy release rate G.

was computed using the equation below [166, 167]:

Gla, \) = 20K (NW(\)
(5.36)
G(c =G (Ac)

where G is the strain energy rate, « is the initial notch length, W(\) is
the material strain energy density under uniaxial tension, . is the critical
stretch value obtained when the applied load abruptly drops to zero in
the SENT test, and K (\) is a function of the stretch value A that can be
defined as [166]:

(5.37)
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SENT tests with notch sizes of 2 mm, 3 mm, and 4 mm were simulated to
calibrate with experimental results and to obtain the value of the length
scale (1). The simulation was carried out using the rate-independent phase
field method outlined in Section 5.4, selected specifically for its suitability

in modelling the slow fracture process (k; ~ 0).

Porous samples tensile tests

To further validate the phase field method, three porous samples were 3D
printed for uniaxial tensile testing. The porous sample design was based
on the size of RVEs and used the scaled distribution parameters for large
pores (Figure 5.4b). The uniaxial tensile tests were conducted at a fixed
strain rate of 100% strain/min, consistent with the conditions of the SENT
experiments. Even though the global strain rate was the same, the local
fracture of the porous structure was a dynamic and fast process. Therefore,
the phase field rate-dependent model was employed for the simulation. The
experimental and simulated tensile stress-strain curves and crack paths for
each sample were compared to calibrate the fracture parameter 7. Other
material parameters, including the material constant (C}), critical energy
release rate (G.) and length scale (1) were consistent with those calculated

in Section 5.4.3.

Calibration results for the phase field modelling methods

The numerical and experimental stress-strain curves corresponding to the
SENT tests are shown in Figure 5.5. It can be observed that the experimen-
tal curves exhibited a high degree of similarity before the samples failed.
This allows for the determination of the material constant ', which was

found to be 0.09 MPa based on the experimental data prior to failure. Ad-
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Figure 5.4: Schematic drawings of (a) the SENT test samples and (b) the
porous samples for tensile testing.

ditionally, the critical strain energy release rate (G, was calculated to be
0.27 N/mm using Egs. 5.36 and 5.37. Subsequently, the values of C; and
G. were employed in the FE simulations to calibrate the length scale [ in
the phase field method. The results showed that when [ = 1 mm, the ex-
perimental and simulated results agreed well for all different notch length

tests (Figure 5.5).

In addition, three porous samples with the same scaled distribution pa-
rameters and porosity (Figure 5.6) were 3D printed to validate the rate-
dependent phase field model and to calibrate the fracture parameter 7.
The results showed that when n = 0.4, both the stress-strain curves and
the failure paths of the simulated and experimental results were in good
agreement for all three porous structures (Figure 5.6). Therefore, the mate-
rial parameters for TangoBlack Plus FLLX980 used in the phase field method

are summarised in Table 5.2.
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Table 5.2: Material parameters for TangoBlack Plus FL.X980.

Material parameters | values
k 1
C1(MPa) 0.09
G(N/mm) 0.27
[(mm) 1

Ui 0.4

5.5 The failure mechanism analysis of gen-

erated RVEs

5.5.1 The effect of large-scale pore distribution on

mechanical behaviour

The normalised mean (jz) and standard deviation (S) of the pore radius
reflect the statistic characteristic of the pore distribution within the single-
scale porous RVEs, raising the question of whether these two parameters
have a dominant effect on mechanical behaviour. To address this, Figure
5.7 presents the simulation results for 400 generated RVEs, showing the
difference between the initial and final failure strain (Ae), final failure
strain (eff), strength (04z), and strain energy density (¢) as functions
of the normalised mean (i) and standard deviation (§). The range of
(0.025-0.038) and g (0.007-0.015) of the RVE results shown in Figure 5.7
closely mirrors the range of fiy and fi;; observed in the SEM images (Figures
5.1e, 5.2, D.1 and D.2), indicating that the RVE results could reflect the

geometrical effect of the microstructures on the mussel plaques.

3D linear regression analysis was used as an estimation method to evaluate

the trend of data as functions of i and § (Figure 5.7) [171]:

0=ag+ aiji + ass (5.38)
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where 0 represents the predicted value from the linear regression, and ay,

ay, ag are the regression coefficients.

The Coefficient of Determination R? was calculated to measure how well

the regression model predicts the real data points (Figure 5.7) [172]:

¢ (0i—6;)°
R*=1- é;l ((Of — 6))2 (5.39)

where o; is the i th observed value (i.e., A, €ff, Omaqz, and ), 6; is the
predicted value, 0 is the mean of observed values and & is the number of

data points (i.e., £=400).

R? ranges from 0 to 1, where 1 indicates perfect fit, and 0 indicates that the
regression model cannot account for any of the variation in the response
data around its mean [173]. The nonlinear regression analysis was also
conducted to fit the data. However, there was little improvement in the
value of R?. For simplicity, only the results of the linear regression analysis

are presented in Figure 5.7.

The results of the linear regression, as shown in Figure 5.7, demonstrate
that the overall effects of the normalised standard deviation (5) on Ae, £y,
Omaz, and ¢ were statistically insignificant for the 400 samples. Conversely,
the regression analysis indicates that an increase in the normalised mean
radius (fz) led to an overall decreasing trend in strength (0,,4.), strain en-
ergy density (), and final failure strain (e7s), respectively (Figures 5.8b, ¢
and d). While a different overall trend was observed for Ae: as i increased,

the value of Ae exhibited a slight increase (Figure 5.8a).

It is important to note that linear regression analysis only illustrates the
overall trend of the effect of the normalised mean (i) and standard devi-

ation (5) on macroscopic material properties and cannot capture the high
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¢ =-3.8a+5+0.18 Omax = —4.2[1 + 0.85 + 0.25
(c) (d)

Figure 5.7: The RVE simulation and 3D linear regression results between
the normalised mean value standard f, normalised deviation value § of
the large-scale pore radius and (a) Ae with a coefficient of determination
(R?) value of 0.08, (b) final failure strain (e7¢) with a R? value of 0.12, (c)
strength (0,,4,) with a R? value of 0.4, and (d) strain energy density ()
with a R? value of 0.53. The blue planes represent the linear regression
surfaces, and the red dots represent the RVE results.

dispersion of the results (Figures 5.7 and 5.8). It can be seen from Figure
5.8 that the same fi can always return scattered Ae, £7¢, Opqq, OF @ values.
This may suggest that while the normalised mean value (i) of the pore
radius can influence the final failure strain or other macroscopic material
properties of the single-scale RVE, it might not be the sole determining fac-
tor. Other factors, such as the interactions between pores or the multi-scale

structure, could also play an important role.
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Figure 5.8: The 2D linear regression analysis between the normalised mean
value standard i of the large-scale pore radius and (a) Ae, (b) final failure
strain (e47), (c) strength (0ym4s), and (d) strain energy density (¢).

5.5.2 Sudden and progressive failure modes within

the single-scale porous RVEs

To better understand the failure mechanism of the single-scale porous
RVEs, Figure 5.9 shows the macroscopic stress-strain curve and crack prop-
agation of Sample A, which had the highest values of Ae, €4, and ¢ among
the 400 RVE results. For comparison, the stress-strain curves and crack
propagation of two additional samples, B and C, are also presented in
Figure 5.9. It is noted that samples A, B and C have nearly identical nor-
malised standard deviation (§) and mean (f1) values, with a difference of

only +0.001.

Two different failure modes were identified from the stress-strain curves of
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Figure 5.9: (A) The macroscopic stress-strain curves, and (B) crack paths
of selected samples with different failure modes.

the samples: progressive failure and sudden failure (Figure 5.9A). For the
progressive failure sample (Sample A), the Ae value was approximately 50%
of the final failure strain. In contrast, the Ae value for the sudden failure
sample (Sample C) was close to 0 (Figure 5.9A). The final failure strain of
the progressive failure sample (Sample A) was about 1.5 times that of the
sudden failure sample (Sample C), but its strength was only approximately

85% of Sample C’s strength (Figure 5.9A). Interestingly, the strength of
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these samples decreased with increasing Ae (Figure 5.9A), indicating that
the high deformability of the plaques may have been achieved by sacrificing

strength.

The crack propagation of Samples A, B and C are presented in Figure 5.9B
to further investigate their failure mechanisms. It can be seen from Figure
5.9B that although the normalised standard deviation (5) and mean (ji) of
Samples A, B and C are nearly identical, their underlying failure mecha-
nisms are distinct. The damage observed in Sample A initiated at three
distinct locations: large pores or closely spaced pores aligned perpendicular
to the tensile direction (Figure 5.9B). The scattered locations of the ini-
tial damage caused a diffused crack pattern with elongated fracture path,
resulting in the progressive failure mode of Sample A. In Sample C, the
initial damage occurred at closely clustered pores perpendicular to the ten-
sile direction (Figure 5.9B), rapidly forming a complete fracture path, i.e.
concentrated crack pattern. Although another damage was also observed
during the failure process, it played a minor role as the initial damage was

the primary cause of the failure (Figure 5.9B).

Sample B exhibited a fracture path similar to Sample C (Figure 5.9B).
However, unlike the rapidly developing failure observed in Sample C, the
failure in Sample B was more progressive (Figure 5.9A). It might be be-
cause the blunted cracking observed in Sample B enabled the stress to
be distributed and absorbed more energy. While the pore distribution in
Sample C may cause the blunted cracking to be insufficient to prevent the
rapid crack growth and stress concentration. In addition to the distribu-
tion of large-scale pores, the interactions among pores might also influence

the failure mechanisms of the RVEs.
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5.5.3 The effect of multi-scale porous structures on

mechanical behaviour

The SEM images of the mussel plaque core revealed the presence of two
different scales of pores (Figure 5.1e). In addition to the large-scale pores
that were analysed above, small-scale pores were found to fill the remaining
areas of mussel plaques. New multi-scale RVEs based on the three samples
selected in Section 5.5.2 were regenerated and analysed to understand the
effect of the multi-scale porous structure on the failure mechanism (Figure

5.10).

A comparison of the fracture paths shown in Figures 5.9B and 5.10B reveals
that the failure modes were almost identical for all three samples, despite
the structural change from the single-scale porous RVE to the multi-scale
porous RVE. This suggests that the failure mechanism could be dominated

by the large-scale pores.

The stress-strain curves for both multi-scale and single-scale porous RVEs
are presented in Figure 5.10A. The multi-scale porous RVEs with 32%
porosity exhibited significantly lower stiffness compared to the single-scale
porous RVEs with 27% porosity, despite having only a 5% difference in
porosity (Figure 5.10A). To understand this mechanism, numerical simu-
lations of solid RVE and small-scale porous RVE with 5% porosity were
conducted. These simulations demonstrate that even a small increase in
porosity can lead to a substantial decrease in material stiffness due to mi-
crostructural changes (details shown in the Appendix D.8). The reduction
in stiffness, however, enhanced the final failure strain of the multi-scale
porous RVEs (Figure 5.10A). Specifically, the final failure strains of the
three multi-scale porous samples increased by 40% (Sample A’), 50% (Sam-

ple B%), and 60% (Sample C’), respectively, compared to the single-scale
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samples (Figure 5.10A). Meanwhile, the strength of the three multi-scale
porous samples decreased by 33% (Sample A’), 31% (Sample B’), and 32%
(Sample C’), respectively, due to the reduction in stiffness. This may sug-
gest that the multi-scale porous structure of mussel plaques might improve
the deformability by reducing their stiffness, but this could also result in a

reduction in strength.
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Figure 5.10: (A) The macroscopic stress-strain curves of single and multi-
scale porous samples, and (B) crack paths of multi-scale porous samples.
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5.6 Discussion

Researchers have consistently focused on understanding the structural and
chemical compositions of mussel plaques and their impact on adhesion
[6, 16, 30, 40]. Previous study has suggested that the pore arrangement
within the plaque core might influence the adhesion ability [134]. However,
limited attention has been paid to understanding how pore arrangement
affects the mechanical behaviours of the plaque core. Tensile testing of the
thread-plaque system reveals that mussel plaques can withstand consider-
able deformation before detachment, underscoring their high deformability
(Figure 5.1¢) [9, 153]. This led us to hypothesise that the pore distribution
and hierarchical structure of the plaque core might also contribute to its

high deformability and potentially impact other tensile properties.

Elbanna et al. (2015) conducted a semi-analytical approach to understand
the effect of void arrangement on the adhesion of mussel plaques [134].
They found that plates with larger voids near the attached interface dis-
play higher stress heterogeneities, which can trap cracks in regions with
low stress, thereby slowing down the propagation of cracks and resulting
in higher maximum forces, increased deformability, and enhanced energy
dissipation. However, the ordered and graded pores were used in the study,
which differs from the natural pore distribution found in the plaque core

and may influence the mechanical behaviour [134].

In this research, extensive SEM analysis was employed to obtain the pore
distribution of the plaque core. Porous RVEs were generated using scaled
distribution parameters to present the main geometric characteristics of the
plaque core and conduct the qualitative analysis. Our results demonstrate
that large-scale pore distribution significantly impacts the mechanical be-

haviour of single-scale porous RVEs, including final failure strain, strength,
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and strain energy density.

As mentioned above, Elbanna et al. (2015) reached the conclusion that
larger voids near the attached interface can lead to higher strength, de-
formability, and strain energy density. Our RVE-based numerical studies
have suggested that increasing the normalised mean value (f1) of pore radius
can statistically lead to a decreasing trend in these macroscopic material
properties: final failure strain, strength, and strain energy density. While
the normalised standard deviation value () of the pore radius had an in-
significant effect on these properties. Additionally, it was found that the
same normalised mean value (f) or normalized standard deviation value
(§) can always return highly scattered macroscopic material property val-
ues. This indicates that the values of i and s can not solely determine the
mechanical behaviour of single-scale porous RVEs. Other factors, such as
the interactions between pores and the hierarchical structure, could also

play an important role.

Regarding the interactions between pores, our FE simulation results sug-
gest that two types of failure mechanisms might occur under the same pore
distribution, i.e. diffused crack pattern and concentrated crack pattern.
The diffuse crack pattern elongated the crack path, which in turn led to
the progressive failure mode and an increase in the final failure strain of
RVEs. While the concentrated crack pattern led to rapid crack propaga-
tion and resulted in a sudden failure mode. The observed findings highlight
the crucial role played by pore interactions in influencing mechanical be-

haviours.

Another factor, i.e. the hierarchical structure, was also examined in this
research. The results indicate that the failure modes of the porous RVEs

are dominated by the large-scale pores, but the hierarchical structure can
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further increase the final failure strain of porous RVEs by reducing stiffness,
suggesting it is also a crucial factor in achieving the high deformability of

mussel plaques.

This study advances the understanding of how pore distribution and hi-
erarchical structure within the mussel plaque core contribute to its high
deformability and other material properties. These insights are crucial for
mimicking the unique microstructure in the design of advanced materials.
For instance, Bosnjak and Silberstein (2021) presented two chemical path-
ways to develop highly deformable materials with high toughness. Our
research shows that altering the pore distribution or introducing the hier-
archical structure might be another potential pathway to design materials

with combined strong properties [174].

However, several limitations remain. For instance, the porous RVEs serve
as an approximation rather than an exact replication of the porous struc-
ture of mussel plaques for the qualitative analysis in this research. In
simplified SEM images of large-scale pores (Figure 5.2), the exclusion of
overlapping, damaged or incomplete pores and the idealisation of irregu-
lar pores as circular may lead to discrepancies between the measurements
and the true porosity and pore distribution. Future studies could focus
on analysing RVEs that accurately replicate the porous structure of the
mussel plaque core for quantitative analysis.[175, 176]. Additionally, un-
derstanding the scalability effects of the porous structure is also the focus

of future research.

While this study uses 2D SEM images to analyse pore distribution, it is
important to acknowledge that 2D data cannot fully capture the true 3D
structure of the mussel plaque. The observed 2D pore shapes and sizes

can vary significantly depending on the slicing plane, potentially leading
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to inaccuracies in representing the 3D porous structure. To address this
limitation, future work could employ methods to statistically infer 3D char-
acteristics from 2D data or utilize advanced techniques such as 3D recon-
struction or nano-computed tomography (Nano-CT). Once the accurate 3D
structure of mussel plaque is obtained, a comprehensive analysis comparing
the mussel plaque pore distribution with other potential distributions could
be conducted in the future. Despite this, the 2D SEM analysis provides
valuable preliminary insights into pore distribution that are essential for

understanding the plaque’s mechanical behaviour.

5.7 Conclusion

This study has systematically explored the influence of the pore distribution
and hierarchical porous structures within the mussel plaque core on its
tensile properties, with a specific emphasis on enhancing deformability.

Our main conclusions are summarized as follows:

1. The SEM analysis of the mussel plaque core shows there are two
different scales of pores within the plaque core: small-scale pores
with diameters ranging from 50 nm to 800 nm and large-scale pores
with diameters ranging from 1 um to 3 um. The size of large-scale
pores follows a lognormal distribution, while the location of them

follows a uniform distribution.

2. The large-scale pore distribution can significantly influence the final
failure strain, strength, and strain energy density of the porous RVEs.
Statistically, increasing the normalised mean value (ji) of the pore
radius can lead to a decreasing trend in the value of the final failure

strain, strength and strain energy density. However, the normalised
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standard deviation value (S) of the pore radius had an insignificant
effect on these properties. Additionally, the same values of i or § can
always return scattered values of the final failure strain, strength and
strain energy density, indicating that they cannot solely determine

the macroscopic material properties.

. Two distinct failure modes (sudden and progressive) were identified
under the same pore distribution. The interactions between pores led
to two different crack patterns: diffused and concentrated. The dif-
fused crack pattern extended the crack path and delayed the failure,
which led to a progressive failure mode and higher final failure strain.
While the concentrated crack pattern had rapid crack propagation,
resulting in a sudden failure mode but with higher strength. This in-
dicates that mussels may enhance the deformability of their plaques

by sacrificing the plaques’ strength to form the porous plaque core.

. The multi-scale porous RVEs exhibited identical failure modes to the
single-scale porous RVEs, indicating that the failure mechanism of
the mussel plaque could be dominated by the large-scale pores. Com-
pared to the single-scale porous RVEs, multi-scale truss RVEs had
40%-60% higher final failure strain but lower stiffness and strength.
This suggests that the hierarchical structure of mussel plaques might

enhance their deformability by reducing the stiffness.
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6.1 Introduction

The mussel byssus system (Figure 6.1a), consisting of high-strength thread
and highly deformable plaque, is known for its ability to stabilise the mus-
sels in dynamic tidal environments and have attached force approximately
6 to 10 times mussel weight [9]. The extant literature reveals that mus-
sel byssal threads are composed of an external cuticle layer surrounding
an internal fibrous core, whereas mussel plaques feature a similar exter-
nal cuticle layer encasing an internal soft foamy structure [16, 20, 66, 139,
153, 177, 178] (Figure 6.1b). Meanwhile, recent research progress has also
suggested that the high-strength fibres within the mussel thread extended
and embedded within the soft foamy core of the mussel plaque, forming a

uniquely intricate structure [5] (Figure 6.1c).

However, the effect of this unique structure on the mechanical properties of
the mussel byssus system remains unclear. In this context, it is interesting
to explore the potential biomimetic design based on this unique structure
and understand its mechanical behaviour. Due to the experimental condi-
tion limitations, instead of accurately duplicating this structure, the carbon
fibre mesh reinforced linear low-density polyethylene (LLDPE) foams were
manufactured. The design of the carbon-fibre mesh reinforced LLDPE
foam in this study is directly inspired by the unique structure of the mus-
sel byssus system, particularly the interaction between the high-strength
threads and the soft, foam-like plaque. In the mussel byssus system, the
threads are embedded in a soft matrix, which allows for both flexibility and
strength, a combination that provides resilience in the dynamic, high-stress
tidal environments. The core mechanism that inspires this research is the
ability of the mussel plaque to distribute forces over a large surface area,

using a fibrous network that is closely integrated into a softer, more de-
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formable matrix. This configuration allows the mussel plaque to efficiently
absorb and dissipate mechanical energy, making it resistant to both local

damage (e.g., indentation) and larger-scale deformations.

In a similar manner, the carbon-fibre mesh in this study mimics the thread-
like fibres in the plaque, embedded within a soft LLDPE foam, to explore
how the positioning and number of fibre layers can influence the mechanical
behavior under quasi-static indentation. While the mussel plaque uses a
combination of natural materials with varying stiffness and elasticity, the
carbon-fibre mesh reinforced LLDPE foam simplifies this concept by using
an engineered material to achieve a similar balance between stiffness (from

the mesh) and deformability (from the foam).

In particular, the quasi-static indentation (QSI) characteristics of the car-
bon fibre mesh reinforced LLDPE foams were analysed in this research as
the first step to understanding the mechanical behaviour of this compos-
ite structure and building the foundation for future advanced biomimetic

application of the composite structure of the mussel byssus system.

Quasi-static indentation (QSI) tests are a mechanical testing method used
to measure the material properties of a specimen by gradually applying
a force [179-182]. During these tests, a rigid indenter, often with a well-
defined shape, is applied to the material at a consistent and gradual pace,
enabling the determination of material properties such as hardness, elas-
ticity, and plasticity [181-184]. In particular, the quasi-static indentation
(QSI) tests can be applied to understand the low-velocity impact response

and characterise various damage modes of composite structures [185, 186].

Quasi-static indentation (QSI) impact of fibre-sheet reinforced polymeric
foams have been extensively studied to understand their failure behaviour

under low-velocity impact [179-182]. Flores-Johnson and Li (2011) con-
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Figure 6.1: (a) A plaque-thread system of a marine mussel (from a blue
mussel) [9]. (b) Schematic of the cross-section of a mussel plaque showing
the internal structure, with the inset showing the top view of a real mussel
plaque and the dashed line showing the direction of the section [9]. (c)
Solid foam structure of a byssal adhesive plaque [8].

ducted intensive experimental investigations, concluding that both the in-
denter nose shape and the density of the foam core significantly influence
the QSI response of polymethacrylimide (PMI) foam core reinforced by car-
bon fibre sheets [180]. Additionally, they also found that the type of sup-
port used during testing has a great impact on the indentation load [180).
Beyond PMI, a variety of polymeric foam cores, including polyurethane
(PU) [187-189] and polyethyleneterephthalate (PET) [188, 190, 191] have
been examined to understand the core material influences on energy ab-
sorption under QSI tests. Different fibre sheet reinforcements, such as
carbon fibre sheets [180, 192-194] or glass fibre sheets [195-197] have also
been employed in different research. Recent studies have progressed to
analyse the QSI responses of bio-inspired 3D printed cores with glass fibre
sheets, revealing that core geometry significantly affects damage behaviour
[198]. This finding suggests a promising direction for the future design of

fibre-reinforced materials [198].
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However, most studies have focused on analysing the QSI behaviour of
polymeric foams reinforced with fibre sheets rather than fibre mesh [179-
182, 192-194]. This study focuses on mimicking the configuration of thread
fibres embedded within the foamy core of mussel plaques by fabricating the
carbon fibre mesh and polymeric foam core as an integrated unit. The fi-
bre mesh is more closely matched to the mussel thread fibre configuration
than the fibre sheet. Therefore, this research is driven by the limited un-
derstanding of the quasi-static indentation (QSI) characteristics of fibre
mesh reinforced polymeric foams and tries to analyse its QSI behaviour
as the first step to understanding this composite structure and showing a

potential biomimetic example of the mussel byssus system.

Overall, this study systematically reports comprehensive experimental data
on the quasi-static indentation (QSI) behaviour of carbon fibre mesh rein-
forced linear low-density polyethylene (LLDPE) foam for various indenter
nose shapes, including flat-circular, hemi-spherical, conical, and truncated.
Four distinct configurations of carbon fibre mesh reinforced LLDPE foams
were analysed to understand the impact of carbon fibre mesh positioning
and the number of layers on their QSI behaviour and failure modes (top-
reinforced, bottom-reinforced, double (top and bottom) reinforced, and
middle-reinforced). Two different support types (framed support and solid
support) were also examined to understand the bending response of the car-
bon fibre mesh-reinforced LLDPE foams under indentation loading. The
findings of this research deepen our understanding of the mechanical be-
haviour of carbon fibre mesh reinforced LLDPE foams. Most importantly,
it builds the foundation for the future biomimetic design of this unique

microstructure of the mussel byssus system.
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6.2 Experimental methods

6.2.1 Sample preparation and tests setup for uniaxial

compression tests

The linear low-density polyethylene (LLDPE) 8035 WS Black 9001 pow-
der was mixed with 2% by weight of the blowing agent azodicarbonamide
(ADC/M-C1) (Figure 6.2b) [199]. The material properties of both compo-
nents are shown in Tables 6.1 and 6.2, respectively [199]. Subsequently, 50
g of the mixed powder was transferred into a 50x50x50 mm (inner cube
size) mould, which was securely closed with a lid and fastened using hexag-
onal bolts (Figure 6.2b). This assembly was placed in an oven and heated
at 200°C for one hour (Figure 6.2b). The heat treatment facilitated the flu-
idisation of the LLDPE and initiated the release of gases from ADC/M-C1
through a chemical reaction, forming bubbles within the molten polymer
(Figure 6.3). Following the heating process, the mould was removed from
the oven, and the resulting LLDPE foams were allowed to cool at room

temperature for 12 hours before being demoulded.

To adhere to ASTM (€365 standards [200], which prescribe methods for
testing the compressive strength of sandwich core materials, the samples
were resized (Figure 6.2b). The initial cubic samples with dimensions of
50x50x50 mm were cut down to smaller cubes measuring 25x25x25 mm
2

(nominal size) to satisfy the minimum facing area requirement of 625 mm

for the tests [200].

In the uniaxial compression test, an Instron 68TM-50 test machine with
a load capacity of 50 kN was employed (Figure 6.2a), operating at a con-

stant speed of 1 mm/min to satisfy the quasi-static condition requirements
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50x50x50 mm (inter cube size) mould
Heated at 200°C for 1h,
cooled down at RT for 12h.
Saw cut to the required size

Figure 6.2: (a) Uniaxial compression test setup with an Instron 68TM-50
test machine, and (b) the manufacturing process of the LLDPE foam for
the uniaxial compression test.

7>

Figure 6.3: A SEM image showing the microstructure of the LLDPE foam.

[187]. Three samples underwent testing, from which stress-strain curves
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were derived:

E =

4 62
where ¢ is the uniaxial compressive stress, € is the uniaxial compressive
strain. F'is the compressive load, D is the compressive displacement. A is
the compressed contact surface area (A=625 mm?) and [ is the side length
of the sample (I=25 mm).

Table 6.1: Material properties of LLDPE 8035 WS Black 9001 powder.

Melting point 115°C-155°C
Boiling point Not Applicable
Density 0.910-0.950 g/cm?
Tensile strength 17 MPa
Flexural modulus 0.35 GPa

Table 6.2: Material properties of the blowing agent ADC/M-C1.

Melting point >180°C
Decomposes temperature >75°C
Colour Yellow

Odour Negligible

6.2.2 Sample preparation and tests setup of quasi-

static indentation tests

In order to create carbon fibre mesh reinforced LLDPE foams for the quasi-
static indentation tests, the Mapegrid C 170 high-strength carbon fibre
mesh with a 10x10 mm mesh size was incorporated (Figure 6.4d) [201].
The material properties of the carbon fibre mesh, as provided by the sup-
plier, are detailed in Table 6.3 [201]. The carbon fibre mesh was positioned

within the mould at designated locations with the mixed powder (Figure
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6.4e). This mixed powder is the same mixed powder used in the uniaxial
compression test. As the powder melted into a viscous fluid during heating,
it naturally adhered to the fibre mesh. This integration continued as the
material cooled and was demoulded, forming a unified structure without
the typical complications associated with adhesives (Figure 6.4d). 135 g of
mixed powder was used per sample to ensure consistent density between
the quasi-static indentation test samples and the uniaxial compressed test
samples. Subsequently, the demoulded samples (235x80x20 mm) were sec-
tioned into 80x80x20 mm (nominal size) blocks for the experiments (Figure
6.4d). Previous studies have employed sample sizes ranging from 50 to 100
mm in length and 10 to 100 mm in thickness [180, 187, 188, 202]. While
there is no set standard for sample dimensions, the sizes used in this study

are within the range documented in earlier research [180, 187, 188, 202].

To investigate the impact of carbon-fibre mesh positioning and the num-
ber of layers on the quasi-static indentation behaviour of the LLDPE foam,
four variants were produced: top-reinforced foam (TOF), middle-reinforced
foam (MIF), bottom-reinforced foam (BOF), and double-reinforced foam
(DOF) (Figure 6.4e). Quasi-static indentation experiments were conducted
on these different fibre-reinforced LLDPE foams, with three specimens ex-
amined for each variant to ensure consistency (Appendix E.1). Various
indenter nose shapes were used to study their effect on the QSI behaviour
of the samples, including flat-circular, hemi-spherical, conical, and trun-
cated indenters (Figure 6.4a). The dimensions of these indenters are con-
sistent with previous research [180] and are shown in Figure 6.4a. The
indenters were then installed in a Servo hydraulic load frames Mand (A12)
testing machine, and the tests were displacement-controlled at a speed of

Imm/min [187] at room temperature (23°C).

The bending effect was also analysed by comparing the results of the clamp-
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ing fixture (framed support) (Figure 6.4b) and those placed directly on the
sample stage of the machine (solid support) (Figure 6.4c). The clamping
fixture with a 50x50 mm window in the middle was designed to fix the
specimens during the indentation tests (Figure 6.4b). Four screws were
tightened to make sure there was no movement in the boundaries (Figure
6.4b). The QSI tests under frame support were loaded until a sustained
load drop was observed in the force-displacement curve. The QSI tests
under solid support were loaded to a displacement of 15 mm to ensure a
controlled and safe testing environment, considering the sample thickness
of 20 mm. Because the nose length for conical and hemi-spherical indenters
was 10 mm, both surface indentation images at d=10 mm and d=15 mm

were analysed.
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Figure 6.4: (a) The schematic drawings of four different indenter noses, (b)
schematic drawings of framed support condition, (c) schematic drawings
of solid support condition, (d) the manufacturing process of carbon-fibre
reinforced LLDPE foam, and (e) four variants of fibre-reinforced polymeric
foams: top-reinforced foam (TOF), mid-reinforced foam (MIF), bottom-
reinforced foam (BOF), and top and bottom-reinforced foam (DOF).
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Table 6.3: Material properties of the Mapegrid C 170 high-strength carbon
fibre mesh.

Tensile strength (kN/m) >240
Modulus of elasticity (GPa) 252 £ 2%
Load-resistant area per unit of width (mm?/m) 48
Equivalent thickness of dry fabric (mm) 0.048
Elongation at failure (%) 2

6.3 The results of experimental studies

6.3.1 Uniaxial compression test results

Figure 6.5 shows uniaxial compressive stress-strain curves for pure LLDPE
foams. Three typical regimes were observed from the curves: (1) a linear-
elastic regime, (2) a plateau regime characterised by nearly constant or
marginally increasing stress, and (3) a densification regime in which stress
escalates rapidly with the strain increments. The average values of Young’s
modulus £, yield strain €, and plateau stress o, obtained from the linear-

elastic regime for three samples were shown in Table 6.4.

Table 6.4: Mechanical properties of pure LLDPE foams.

Young’s modulus (MPa) | 100
Yield strain 0.1
Plateau stress (MPa) | 4.2

6.3.2 Quasi-static indentation (QSI) test results

Quasi-static indentation tests were conducted under two different support
conditions: framed support (Figure 6.4b) and solid support (Figure 6.4c).
The framed support condition allows for sample bending, whereas the solid
support condition restricts it. By comparing the results from these two

support conditions, we can gain insights into the effect of bending on the
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Figure 6.5: The uniaxial compression stress-strain curves for three pure
LLDPE foams.

QSI behaviour of fibre mesh-reinforced LLDPE foams and the role of fibre

mesh reinforcement under bending effects.

QSI force-displacement curves under framed support

Flat-circular indenter Because the flat-circular indenter nose has the
same size as the indenter body, there were no dimensional changes that
could affect the QSI behaviours of samples. The strain concentration and
stress singularity led to an initial linear-elastic regime in the QSI force-
displacement curves under the flat-circular indenter (Figure 6.6a). During
this phase, the QSI force-displacement curves for all variants of fibre mesh
reinforced LLDPE foams overlapped with that of the pure LLDPE foam
(NOF), indicating that the fibre mesh might not contribute to reinforce-

ment during this initial elastic phase (Figure 6.6a).
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Figure 6.6: The QSI force-indentation displacement curves for five variants
of the fibre mesh-reinforced LLDPE foams under four different indenter
noses using framed supporting: (a) flat-circular indenter, (b) truncated
indenter, (¢) hemi-spherical indenter, and (d) conical indenter.

Following the initial elastic stage, the load continued to increase linearly
but with varying slopes (Figure 6.6a). The double fibre mesh reinforced
LLDPE foam (DOF) exhibited the steepest slope among all variants. The
single fibre mesh reinforced LLDPE foams (TOF, MIF and BOF) displayed
nearly identical slopes (Figure 6.6a). These slopes were higher than that
of the pure LLDPE foam (NOF) but lower than that of the double fibre
mesh reinforced LLDPE foam (DOF) (Figure 6.6a). This indicates that
the fibre mesh can effectively enhance the stiffness of LLDPE foams under
framed support conditions. Increasing the number of fibre mesh layers can
further enhance the stiffness, while the position of the fibre mesh appeared
to have minimal impact on the reinforcement of the LLDPE foams. Addi-

tionally, a sudden drop in force was observed in the MIF, TOF, and DOF
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samples, suggesting that fibre breakage might occur to varying degrees in

these variants.

Truncated indenter The QSI force-displacement curves under the trun-
cated indenter exhibited an initial linear-elastic phase, similar to the curves
observed under the flat-circular indenter (Figure 6.6b). Following this
phase, the indentation force continued to increase linearly but with a lower
slope. All the fibre mesh reinforced LLDPE foams had slopes almost iden-
tical to the pure LLDPE foams during these two phases, indicating that
both the position and number of fibre mesh layers had negligible effects on
the stiffness of the LLDPE foams (Figure 6.6b).

After these two phases, it was found that the fibre mesh reinforcement can
effectively delay the curves’ transition to a plateau regime, allowing the
foams to reach higher maximum indentation forces under the truncated
indenter (Figure 6.6b). However, increasing the number of reinforcing fibre
mesh layers under the truncated indenter did not significantly affect the
maximum indentation force of the LLDPE foams. A sudden reduction in

force was also observed in the TOF, MIF, and DOF samples (Figure 6.6b).

Hemi-spherical indenter The QSI force-displacement curves under a
hemi-spherical indenter demonstrated an initial linear-elastic regime (Fig-
ure 6.6¢). The single fibre mesh-reinforced LLDPE foams (TOF, MIF and
DOF) exhibited a slope comparable to that of the NOF samples, while the
DOF samples exhibited a higher slope than the others. The alterations in
fibre positioning did not affect the slope of the indentation force for single
fibre mesh-reinforced LLDPE foams. As the indentation depth continued
to increase, the force increase rate for pure LLDPE foam (NOF) samples

began to decelerate, eventually reaching a plateau phase. Meanwhile, the

force in fibre-reinforced LLDPE foams (TOF, MIF, BOF, and DOF) con-
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tinued to rise linearly for a longer period before gradually slowing down
and reaching a plateau. There was no abrupt decline in force for any of the

curves under the hemi-spherical indenter.

Conical indenter The indentation force exhibited a non-linear increase
with an increasing tangent slope for all foam samples under the conical
indenter (Figure 6.6d). The QSI force-displacement curves were nearly
identical for all foams during the initial non-linear increase stage, indicating
that the fibre mesh reinforcement had a negligible effect on indentation
resistance in this phase (Figure 6.6d). Following this non-linear increase
phase, as the indentation depth increased, the QSI force-displacement curve

of the pure LLDPE foam quickly reached the plateau regime (Figure 6.6d).

In contrast, the presence of the fibre mesh effectively delayed the decrease
in the slope under the conical indenter, allowing the fibre mesh-reinforced
foams to achieve higher indentation resistance forces. The double fibre
mesh reinforced foams (DOF) reached the highest maximum indentation
force, suggesting that increasing the number of fibre mesh layers can en-
hance the LLDPE foam’s resistance to the conical indenter under framed
support (Figure 6.6d). However, in samples containing a single layer of
fibre mesh, variations in fibre positioning did not significantly influence the
indentation force (Figure 6.6d). Additionally, a sudden drop in force due

to fibre mesh breakage was observed in the TOF sample (Figure 6.6d).

QSI material parameters analysis under framed support

To analyse the impact of indenter nose shape and fibre mesh reinforcement
on the QSI behaviour of LLDPE foams, three material parameters were
extracted from the QSI force-displacement curves under framed support:

maximum force, indentation depth at maximum force, and absorbed energy.
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The absorbed energy was determined by calculating the area under the

force-displacement curve.

Fibre mesh reinforcement could increase the maximum force for LLDPE
foams under framed support, regardless of the indenter nose shape (Figure
6.7a). Increasing the fibre mesh layers further increased the maximum
force, but this effect was only significant under the conical and hemi-
spherical indenters (Figure 6.7a). Conversely, the position of the fibre
mesh within single-layer reinforced LLDPE foams had a negligible impact
on the maximum force (Figure 6.7a). The truncated indenter consistently
exhibited a lower maximum force than the other three, regardless of the

fibre mesh reinforcement (Figure 6.7a).

The conical indenter consistently achieved the greatest indentation depths
across all fibre mesh configurations, highlighting its higher penetrative
capability under maximum force conditions (Figure 6.7b). In contrast,
the flat-circular indenter exhibited the least penetration, maintaining the
shallowest indentation depths throughout the experimental range (Figure

6.7D).

All sample variants tested under the truncated and flat-circular indenters
showed lower energy absorption, suggesting that the samples were less ef-
fective at dissipating energy under the impact of these indenters (Figure
6.7c). In comparison to the pure LLDPE foam (NOF), single-layer fibre
mesh reinforced foams (TOF, MIF, and BOF) exhibited higher energy ab-
sorption capacity, although changing the position of the fibre mesh had a
limited effect on the amount of energy absorbed (Figure 6.7c). Moreover,
increasing the number of fibre mesh layers can further increase the energy
absorption of the carbon fibre mesh reinforced LLDPE foams, with the in-

crease being more pronounced for samples tested under hemi-spherical and
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conical indenters (Figure 6.7c).
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Figure 6.7: Typical material parameters for three variants of the fibre mesh
reinforced LLDPE foams with four different indenter noses using framed
supporting: (a) max force (kN), (b) indentation depth at max force (mm),
and (c) absorbing energy (J).

QSI force-displacement curves under solid support

QSI tests were conducted on five variants of LLDPE foams under solid
support conditions: pure LLDPE foams (NOF), LLDPE foams reinforced
with top fibre mesh (TOF), middle fibre mesh (MIF), bottom fibre mesh
(BOF), and double fibre mesh (DOF). The QSI force-indentation displace-
ment curves for these fibre-mesh reinforced LLDPE foams using different

indenters are illustrated in Figure 6.8.

Under flat-circular indenters, the QSI force-displacement curves revealed
three distinct regimes: (1) linear-elastic, (2) plateau, and (3) densification
(Figure 6.8a). The overall force-displacement curves exhibited minimal
differences among all five sample types, suggesting that the positioning and
number of fibre mesh layers had a limited impact on the QSI behaviour of
LLDPE foams under solid support. Notably, fluctuations were observed
in the curves of the TOF, MIF and DOF samples, indicating the potential
fibre breakage, though this did not significantly affect the overall QSI force-

displacement responses (Figure 6.8a).

Similarly, the QSI force-displacement curves obtained with the truncated
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Figure 6.8: The QSI force-indentation displacement curves for three vari-
ants of the fibre mesh-reinforced LLDPE foams with four different indenter
noses using solid supporting: (a) Flat-circular indenter, (b) truncated in-
denter, (c¢) hemi-spherical indenter, and (d) conical indenter.

indenter also displayed three distinct regimes (Figure 6.8b). Nevertheless,
the recorded forces were found to be smaller than those observed under
the flat-circular indenter. This may be attributed to the smaller contact
area and the resulting localised stress concentration. The near coincidence
of the curves for all five foam types under the truncated indenter suggests
that fibre mesh reinforcement might have minimal influence on the LLDPE
foams’ QSI performance under solid support. Fluctuations were observed

in both TOF and DOF samples between d=3-6 mm (Figure 6.8b).

In contrast to the flat-circular and truncated indenters, the curve under the
hemi-spherical indenter began with a linear increase in force with inden-

tation depth, transitioning gradually into the densification phase (Figure
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6.8¢c). The similarity in curves across different sample types shows the
negligible effect of fibre mesh under solid support conditions. An obvious

fluctuation was found in the DOF sample (Figure 6.8c).

Under the conical indenter, the force increased non-linearly with an in-
creasing slope as the indentation depth grew (Figure 6.8d). However, the
resistance force under the conical indenter was lower than that under the
other three indenters. The curves for different fibre mesh reinforcement
types were almost identical, with fluctuations observed in the TOF and
DOF samples. This indicates a consistent response regardless of the fibre
mesh reinforcement, emphasising the limited role of fibre mesh in reinforc-

ing LLDPE foams under solid support.

6.3.3 The QSI behaviour comparison between framed

and solid support

This section compares QSI force-displacement curves and surface inden-
tation images for NOF and TOF LLDPE foams under framed and solid
support conditions. The analysis of DOF, MIF, and BOF LLDPE foams
has been omitted because their curves lack sensitivity to the fibre mesh

position/number under solid support, and their surface indentations are

similar to those observed in NOF and TOF LLDPE foams.

The QSI behaviour comparison of pure LLDPE foams (NOF)

between framed and solid support

Figure 6.9 presents the QSI force-displacement curves and surface inden-
tation images of pure LLDPE foams under different indenters and support

conditions. The results demonstrated distinct differences in QSI responses
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and surface indentation characteristics between different indenters and sup-

port conditions.

The greatest discrepancy between the QSI force-displacement curves under
two different support conditions was observed under the flat-circular in-
denter (Figure 6.9a). The curves observed under framed support exhibited
only two regimes: linear elastic and plateau. However, the curves observed
under solid support included an additional densification regime along with
these two regimes (Figure 6.9a). This may be because the large contact
area of the flat-circular indenter crushed the foam and caused it to reach
the densification stage more quickly, resulting in an exponential increase in
the indentation force under solid support. In contrast, the window in the
framed support allowed bending deformation, leading to a reduction in the
densification and indentation force of the foams. A similar phenomenon
was observed in the QSI force-displacement curves with the truncated in-
denter (Figure 6.9b). However, because the contact area of the truncated
indenter is smaller than that of the flat-circular indenter, the difference in
force between the two curves was considerably less—6 kN compared to 20

kN for the flat-circular indenter at d=15 mm (Figure 6.9b).

For the hemi-spherical indenter, the QSI force-indentation curve under solid
support exhibited a linear elastic regime up to 10 mm. Between 10 mm and
15 mm, the indenter body began to crush the foam, causing the curve to
transition from the linear elastic regime to a densification regime (Figure
6.9c). In contrast, the force-displacement curves of the frame-supported
foams showed a nonlinear and slow increase under hemi-spherical indenter,
while the slope of the curve gradually decreased (Figure 6.9¢). The ob-
served difference may be attributed to bending deformation under framed
support. However, because the contact area of the hemispherical inden-

ter increased gradually during compression, the resulting force difference
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was less pronounced compared to the flat-circular indenter, which has a

constant and larger contact area (Figures 6.9a and c).

The QSI force-displacement curves under the conical indenter exhibited
nonlinear behaviour in both support conditions (Figure 6.9d). The curves
were characterised by a gradual increase in force at lower displacements, fol-
lowed by a more abrupt rise as displacement increased (Figure 6.9d). How-
ever, for the frame-supported foam, the force-displacement curve showed
a smaller increase in force at higher displacements compared to the solid-
supported foam (Figure 6.9d). This suggests that bending deformation
under the frame support may also reduce localized stress concentration

and densification with the conical indenter.

The surface indentation images provided corroboration of these findings.
As displacement increased, the bending deformation in the frame-supported
foams became more pronounced, leading to shallower indentations com-
pared to the solid-supported foams, regardless of the indenter shape (Figure
6.9).

The QSI behaviour comparison of top fibre mesh reinforced (TOF)

LLDPE foams between framed and solid support

The impact of varying support types on QSI responses and surface indenta-
tion of the top fibre mesh-reinforced LLDPE foams (TOF) was investigated,

as illustrated in Figure 6.10.

The overall QSI force-displacement curves for the top fibre mesh-reinforced
LLDPE foams were similar to those of pure LLDPE foams (Figures 6.9 and
6.10). The QSI curves for the top fibre mesh-reinforced LLDPE foams un-

der solid support showed fluctuations in all four indentations, which might
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Figure 6.9: Comparison of QSI force-indentation displacement curves and
surface indentation of frame-supported and solid-supported LLDPE foams:
(a) flat-circular indenter, (b) truncated indenter, (¢) hemi-spherical inden-
ter, and (d) conical indenter.

be attributed to fibre breakage (Figure 6.10). In particular, the fibre mesh
under the flat-circular and truncated indenters showed apparent breakage
in the surface indentation images (Figures 6.10c and d). In contrast, the
QSI curves for the top fibre mesh-reinforced LLDPE foams under framed
support only showed fluctuations under flat-circular and truncated inden-
ters (Figures 6.10a and b). Notably, under the flat-circular indenter, the
fluctuations in the curve under framed support occurred later than those
under solid support, suggesting that bending deformation from the framed
support could reduce localized stresses and delay fibre mesh breakage (Fig-

ures 6.10a).
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Figure 6.10: Comparison of QSI force-indentation displacement curves and
surface indentation of top fibre mesh reinforced LLDPE foams with framed
and solid supporting: (a) flat-circular indenter, (b) truncated indenter, (c)
hemi-spherical indenter, and (d) conical indenter.

6.3.4 Fibre mesh failure modes analysis

The fibre mesh failure was mainly concentrated in the TOF samples and
the top surface of DOF samples across all four indentations under solid

support, with the failure mode being fibre breakage (Figure 6.10).

Two different failure modes of the fibre mesh were observed when the foams
were subjected to failure under frame support: fibre breakage and fibre pull-
out (Figure 6.11). Fibre breakage was observed at the top surface of TOF
and DOF samples under all indenter types, whereas fibre pull-out was noted
in MIF, BOF, and the bottom surface of DOF samples under all indenters
(Figure 6.11). These findings indicate that the indenter nose shapes might
have a negligible effect on the failure modes of the fibre mesh. Instead, the

failure modes are primarily influenced by the fibre mesh’s location within
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Figure 6.11: The fibre mesh failure modes under framed support: (a)-(d)
fibre breakage on the top surface of TOF samples under four indenters,
(e)-(h) fibre pull-out on the bottom surface of MIF samples under four
indenters, (i)-(1) fibre pull-out on the bottom surface of BOF samples under
four indenters, (m)-(n) fibre breakage on the top surface of DOF samples
under four indenters and (q)-(t) fibre pull-out on the bottom surface of
DOF samples under four indenters.

the foams.
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6.4 Discussion

This study was inspired by the unique structure of mussel thread fibres
embedded within the plaques’ foam core and demonstrated a preliminary
biomimetic application based on the mussel byssus system. The carbon-
fibre mesh-reinforced linear low-density polyethylene (LLDPE) foams in-
spired by this unique structure were therefore manufactured. While pre-
vious studies have extensively explored fibre sheet reinforcements in poly-
meric foams [180, 187, 188], this study focuses on the QSI behaviour of
fibre mesh reinforced LLDPE foams as it is more structurally similar to

the interaction within the mussel byssus system (Figure 6.1c).

Under solid support, the carbon fibre mesh reinforced LLDPE foams under
a flat-circular indenter exhibited the highest indentation force regardless
of the fibre mesh. It is likely due to the extensive contact area causing
a crushing effect. In contrast, foams tested under the conical indenter
demonstrated the lowest indentation force among the four indenter types
under solid support, as the deformation was dominated by tearing, with no
significant crushing of the foam core after the initial perforation. Foams
subjected to hemi-spherical and truncated indenters displayed intermediate
indentation resistance under solid support. Similar effects from the inden-
ter nose shape were also observed in fly ash-reinforced polyurethane foams
[187], glass-fibre fabric-reinforced polymer sandwich panels [188] and car-
bon fibre fabric reinforced polymer polymeric foams [180]. However, our
study revealed that the number and position of the fibre mesh had an
insignificant effect on the QSI behaviour of carbon fibre mesh reinforced
LLDPE foams under solid support. The conclusion is different from the
previous studies that found the fibre sheet reinforcement can effectively

improve the QSI resistance of the fibre sheet reinforced polymeric foams
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[179, 180]. This discrepancy might indicate that, compared to fibre mesh,
fibre sheets can provide more substantial reinforcement for the foam core
under solid support. The overall QSI response of carbon fibre mesh rein-
forced LLDPE foams under solid support is predominantly governed by the

properties of the LLDPE foam core.

Comparing the QSI behaviour of carbon fibre mesh-reinforced LLDPE
foams under solid and framed support reveals a key difference. The in-
denter resistance of all foams is lower under framed support than under
solid support, regardless of the indenter type. This could be attributed to
the qualitative observation that the QSI behaviour of carbon fibre mesh-
reinforced LDPE foam supported by the frame is a combination of local in-
dentation and global bending. The framed support allowed global bending
deformation within the foams, which reduced the indentation resistance
and densification effect compared to the solid support. However, unlike
the limited effect of fibre mesh reinforcement under solid support, the fi-
bre mesh reinforcement under framed support could effectively enhance
the indentation resistance of LLDPE foams by reducing the bending effect.
Increasing the number of fibre mesh layers further increased indentation
resistance, particularly under hemispherical and conical indenters. In con-
trast, the positioning of the fibre mesh layer had minimal impact on the
indentation resistance of LLDPE foams. Additionally, unlike the carbon
fibre mesh reinforced foams in our research, the support condition had a
less pronounced effect on carbon fibre sheet reinforced foams [180]. This
might indicate that the carbon fibre sheet could better reduce the foam
bending under framed support, thus increasing resistance to indentation

and reducing the difference between support conditions.

Two distinct fibre failure modes were observed in the carbon fibre mesh

reinforced LLDPE foams under framed support: fibre breakage, concen-
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trated in TOF samples and the top surface of DOF samples, and fibre
pull-out, concentrated in MIF samples, BOF samples, and the bottom sur-
face of DOF samples. While previous studies have indicated that indenter
nose shape can influence fibre failure modes in carbon fibre sheet reinforced
foams under framed support [180], our findings suggest that in carbon fi-
bre mesh reinforced foams, the failure modes are primarily influenced by
the positioning of the fibre mesh layer. The fibre breakage in top surface
reinforcement might be due to the direct and high stress experienced at
the surface, leading to immediate failure of the fibre mesh. In contrast,
fibre pull-out in middle and bottom reinforcement layers may be driven by
shear forces and the load transfer process within the foam matrix, causing

the fibres to be extracted rather than broken.

Overall, this research provides a preliminary biomimetic example based
on the microstructure of the mussel byssus system and lays the ground-
work for further research into the characterisation of this unique system.
From a materials research point of view, this study investigated the ef-
fect of fibre mesh reinforcement on the QSI response of the LLDPE foam
and compared them with fibre sheet reinforcement used in previous stud-
ies. However, several limitations remain in this research. For instance,
the elastic recovery of the LLDPE foams was not analysed in this study.
The manufacturing process and sample preparation might result in slight
variations between samples. The effects of the relative sizes of the fibre
mesh and indenter on the QSI behaviour of the fibre mesh reinforce foams
remain unknown. The friction effect between the fixture and the samples
remains unclear. Therefore, future work can focus on addressing these lim-
itations and further experimenting with different types of foams or fibre
meshes. Most importantly, from the biomimetic design perspective, future

research should focus on replicating the unique structure of the foam core
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with embedded fibres of the mussel byssus system. For example, advanced
3D printing technology can be used to achieve replication and help explore

the mechanical reasons behind this unique structure.

6.5 Conclusion

This chapter shows a preliminary biomimetic example of the microstructure
of the mussel byssus system. The carbon-fibre mesh reinforced LLDPE
foams were inspired by the mussel plaque foam core with embedded thread
fibres. The investigation into the quasi-static indentation (QSI) behaviour
of carbon-fibre mesh reinforced LLDPE foams, highlights several critical

findings:

1. Influence of indenter nose shape: The shape of the indenter
nose significantly impacts the QSI behaviour of carbon-fibre mesh
reinforced LLDPE foams. A flat-circular indenter exhibited the high-
est resistance due to a larger crushing contact area under solid sup-
port. Conversely, the conical indenter showed the least resistance and
smallest crushing area post-initial perforation under solid support.
Truncated and hemispherical indenters demonstrated intermediate

resistance levels.

2. Effect of support conditions: Support conditions are critical in
influencing the QSI behaviour of the foams. Under framed support,
indentation resistance was markedly lower across all indenter types
than solid support due to extensive bending and distributed damage.
While solid support conditions can induce foam densification, leading

to a rapid increase in indentation force.
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3. Impact of fibre mesh reinforcement: Under framed support,
fibre mesh reinforcement can effectively reduce sample bending and
enhance indentation resistance, including maximum indentation force
and absorbed energy. Increasing the number of fibre mesh layers can
further improve the indentation resistance of LLDPE foams, partic-
ularly with hemi-spherical and conical indenters. However, altering
the positions of single-layer fibre meshes had a limited effect on in-
dentation resistance under framed support. In contrast, under solid
support, the interaction between the indenter and the foam core was
the main determinant of the QSI behaviour, while the fibre mesh had

an insignificant effect on the QSI behaviour.

4. Fiber mesh failure modes: Under solid support, fibre breakage
was observed in TOF samples and on the top surface of DOF samples.
Under framed support, two failure modes were found when the foams
were subjected to failure: fibre breakage and fibre pull-out. Fibre
breakage predominantly occurred in TOF samples and the top surface
of DOF samples, while fibre pull-out was observed in MIF, BOF,
and the bottom surface of DOF samples. Fibre mesh failure modes
were more significantly influenced by fibre mesh positioning than by

indenter shape.

Given these findings, further exploration of the mechanical principles be-
hind the formation of the unique mussel byssus system is warranted. These
findings highlight the need for the precise replication of the microstructure

of the mussel byssus system and further advanced mechanical studies.
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Chapter 7

Conclusions and future work

7.1 Conclusions

Numerous studies have investigated the chemical compositions of the mus-
sel byssus system and the development of mussel chemistry-inspired mate-
rials. However, the mechanics of the mussel byssus system and its compo-
nents remain largely unexplored, with limited attention given to structural
and mechanical biomimetic applications. Several research gaps are identi-
fied after extensively reviewing the literature on the structural and chemical
composition, mechanical properties, and biomimetic products inspired by
the mussel byssus system. For instance, the mechanical behaviours of each
component of the mussel byssus system have not been clearly determined;
the relationship between the unique microstructure of mussel plaques and
their mechanical properties is not well understood; and the development
of biomimetic materials based on the mechanics and microstructural com-
position of the mussel byssus system is limited. Based on these identified
research gaps, this thesis aims to delve deeper into the mechanics of the

mussel byssus system and explore the biomimetic potential based on its
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mechanics and microstructure. The overarching conclusions of this thesis

are drawn below from the studies presented in chapters 4 to 6.

7.1.1 Determining mechanical behaviours of the constit-

uents of the mussel byssus system

This chapter aimed to investigate the microstructural compositions and de-
termine the mechanical behaviours of each component of the mussel byssus
system. It also discussed the potential relationship between microstructural

compositions and mechanical behaviours.

Analytical and FE inverse methods were developed to determine the indi-
vidual mechanical behaviours of the mussel plaque and proximal thread.
The results of micro-tensile tests and optical tests were utilised as opti-
misation metrics within the inverse approaches. The findings demonstrate
that these inverse methods successfully identify the mechanical behaviours
of the proximal thread and the plaque, with the sum of squared residu-
als 0.0004 (N?) and 0.01 (mm?), respectively. The distal thread portion
exhibits greater tensile strength but lower deformability than the proxi-
mal thread portion, which can be modelled using the Ogden material con-
stitutive model. In contrast, the proximal portion and plaque are more
deformable but have low strength, best described by the Neo-Hookean
material model. The variations in tensile behaviour among these three

components were found to be related to differences in their microstructure.

This chapter presents efficient inverse methods combined with simple micro-
tensile and optical tests to determine the mechanical behaviours of indi-
vidual components of the mussel byssus system. The results provide a

foundation for a detailed study of the link between microstructure and
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tensile properties, offering insights into biomimetic design based on the

microstructural characteristics.

7.1.2 Unveiling the deformability of mussel plaque
core: the role of pore distribution and hierar-

chical structure

This chapter explored the relationship between the pore distribution and hi-
erarchical structure of the porous mussel plaque and its tensile behaviours,

focusing on high deformability.

Intensive SEM analysis was conducted to obtain the microstructural char-
acteristics of the mussel plaque. The results showed that the large-scale
pore radius follows a lognormal distribution while the location follows a
uniform distribution. The scaled large-scale pore parameters based on the
SEM analysis and porosity measurements were employed to generate the 2D
representative volume elements (RVEs) for the qualitative analysis. The
phase field method, calibrated by experiments, was employed to analyse
the effect of large-scale pore distribution and hierarchical structure on the
failure mechanism and tensile properties of the porous RVEs, respectively.
The results demonstrate that large-scale pore distribution can effectively
affect the tensile properties of porous RVEs, including the strength, strain
energy density and the final failure strain, but it is not the sole determining
factor. While large-scale pore distribution primarily determines the failure
modes of the porous RVEs, the hierarchical structure further enhances the
final failure strain by reducing the stiffness of the RVEs. These findings
indicate that both pore distribution and hierarchical structure could be the

key factors contributing to the high deformability of mussel plaques.
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This chapter provides a qualitative analysis of the relationship between the
microstructure of mussel plaques and their mechanical properties and fail-
ure mechanisms. The results deepen our understanding of this relationship
and offer insights into mimicking the unique structure of mussel plaques to
design disordered porous structures with high deformability using minimal

material.

7.1.3 A biomimetic application inspired by the mus-
sel byssus system: the quasi-static indentation
analysis of carbon-fibre mesh reinforced LLDPE

foams

This chapter aimed to provide a preliminary biomimetic example of the
microstructures of the mussel byssus system. Specifically, carbon-fibre
mesh-reinforced LLDPE foams, inspired by the foam core of mussel plaque
embedded with thread fibre, were manufactured for the quasi-static inden-

tation (QSI) analysis to understand the effect of fibre mesh reinforcement.

A series of QSI tests were conducted on carbon-fibre mesh reinforced LLDPE
foams with various indenter nose shapes, support conditions, and fibre mesh
layer numbers and locations. The results find that both indenter nose
shapes and support conditions can significantly affect the QSI behaviours
of the samples. Meanwhile, the fibre mesh reinforcement can increase the
indentation resistance of samples under framed support by reducing the
foam bending while having an insignificant effect on LLDPE foams under
solid support, where the foam core dominates the QSI behaviour. The loca-
tion of the fibre mesh also had an insignificant effect on the QSI resistance

of LLDPE foams. Additionally, the fibre mesh failure modes were found
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to be related to its location under framed support, with the top layer ex-
periencing fibre breakage and the bottom/middle layer experiencing fibre

pull-out.

This chapter demonstrated an example of biomimetic design inspired by
the microstructure of the mussel byssus system and built the foundation
for future advanced biomimetic applications. Meanwhile, the impact of
indenter nose shapes, support conditions, and the number and location
of fibre mesh reinforcement on the QSI behaviour of LLDPE foams are
investigated, providing insights for future carbon-fibre reinforcement design

and biomimetic design based on the mussel byssus system.

7.2 Future work

The findings presented in this thesis deepen our understanding of the me-
chanics of the mussel byssus system and provide insights into its biomimetic
design potentials. While significant features have been studied, several
areas require more comprehensive investigation. Future research should

explore the following subjects:

1. In Chapter 4, the three components of the mussel byssus system were
assumed to be three individual materials; however, they are compos-
ite materials consisting of an outer cuticle and different inner cores.
Future research could further determine the material properties of
the individual cores and the cuticle layer. The hyperelastic material
constitutive models (Ogden and Neo-Hookean models) were applied
to describe the tensile behaviour of the mussel byssus system compo-
nents. However, we did not conduct unloading tests to determine if

they were real hyperelastic materials. Future research can focus on
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analysing the dynamic response of the mussel byssus system. The
failure mechanism of the mussel byssus system was not analysed in
this research, and the detachment process of the system was largely
simplified. Future studies can try to obtain the dynamic 3D de-
tachment process of the mussel byssus system and apply it as the

optimization metric to improve the accuracy of the inverse methods.

. In Chapter 5, the effect of large-scale pore distribution and hierarchi-
cal structure of the porous core of mussel plaques on their mechanical
behaviour was investigated, with a focus on high deformability. Ex-
tensive SEM analysis provided insights into the microstructure of
mussel plaques and obtained its pore distribution parameters. How-
ever, the analysis was conducted based on 2D SEM images, and the
SEM analysis is destructive, which might affect the pore distribu-
tion of mussel plaques. Future research should conduct less destruc-
tive 3D scans to achieve a more comprehensive understanding of the
porous structure. The 2D porous RVEs applied in this study were
only for qualitative analysis. The simplified pore distribution and
hierarchical structure could affect the values of the distribution pa-
rameters. Future research can focus on accurately replicating the 3D
porous structure of mussel plaque and analysing its mechanical be-
haviour. Obtaining the real material properties of the porous core
in the future is also crucial to further investigate the impact of the
microstructure. Additionally, the distribution parameters obtained
from the SEM analysis were scaled from micrometres to millimetres
to overcome the manufacturing limitation. Future research should
try to investigate the microstructure’s scalability effects. Meanwhile,
using artificial intelligence (AI) or machine learning techniques in the

future can help obtain more accurate statistical conclusions.
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3. In Chapter 6, a preliminary biomimetic example inspired by the
mussel plaque’s foam core embedded with the mussel thread fibres
was presented. The carbon-fibre mesh reinforcement LLDPE foams,
where carbon-fibre mesh presenters the thread fibre and LLDPE
foams present the plaque core, were manufactured as a unit. The
quasi-static indentation (QSI) behaviour of the carbon-fibre mesh re-
inforcement LLDPE foams was analysed. From the biomimetic per-
spective, based on the findings within this research, future work can
explore using more advanced technology like 3D printing to accu-
rately replicate the high-strength fibre-embedded foams within the
mussel byssus system. Then, we can analyse its mechanical be-
haviour, which would be more representative. From the material
research perspective, future research can explore different methods,
such as analytical or numerical methods, to present the QSI be-
haviour of carbon fibre-reinforced LLDPE foams. Analysing the elas-
tic recovery of the LLDPE foams and the effect of the clamp fixture
during the QSI tests are also essential in the future. Moreover, future
research could investigate the effect of the relative sizes between the

indenter nose, fibre mesh, and samples on QSI behaviours.
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Appendix C

C.1 Details on mussel samples preparation

Details of how the mussel samples were cultured in the laboratory have been
described. Fig. C.1la shows the water tank used to farm marine mussels in
the lab, which includes a glass water tank, a chiller, a water filter system,
two water pumps and one airline with tubing. The PH value of artificial
seawater is 8.5, as shown in Fig. C.1b. After the mussels were picked up
from the Hunstanton mussel farm, they were placed on acrylic substrates,
one substrate per mussel, and then secured with rubber rings to prevent
them from moving (Fig. C.1c). After the generated byssus systems have
adhered to the substrates, carefully cut them off from the mussels’ bodies

for the following mechanical tests and SEM imaging.

(a)

Teco TK2800 Chiller Water filter system

Glass water tank
Airline and tubing ~ 1.2x0.6x0.6(m)

Water inlet

Figure C.1: (a) The water tank for mussels, (b) the seawater PH=8.5,
(c) rubber bands were used to fix uniformly sized marine mussels to the
substrate.

188



Appendix D

D.1 The pore distribution analysis of mussel

plaque SEM photos

Figures D.1 and D.2 were analysed with additional SEM images to in-
vestigate further the pore distribution of large-scale pores within mussel
plaques. It can be concluded that the large-scale pore radius still follows
a lognormal distribution. The porosity (1), normalised mean radius (i)
and normalised standard deviation of radius (57) for those SEM images are

shown in Tables D.1 and D.2, respectively.

Table D.1:  Porosity (v;), normalised mean radius (fi;) and normalised
standard deviation of radius (5;) of the simplified large-scale pores within
the SEM images of the same mussel.

Porosity (vi) | fir 5,
Slice 1 33% 0.043 | 0.012
Slice 2 28% 0.039 | 0.008
Slice 3 37% 0.041 | 0.012
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Figure D.1: Large-scale pore size and location distribution analysis for

SEM images of the same mussel.
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Figure D.2: Large-scale pore size and location distribution analysis for
SEM images of different mussel plaques.

Table D.2:  Porosity (v;), normalised mean radius (fiy) and normalised
standard deviation of radius (5}) of the simplified large-scale pores within
the SEM images.

Porosity (v) | iy 5y
Figure le 27% 0.031 | 0.009
Figure D.2a 26% 0.027 | 0.006
Figure D.2b 23% 0.021 | 0.005

D.2 The simplified process of the pore dis-

tribution of the mussel plaque cores

The porous structure of the mussel plaque is inherently complex, with ir-
regular pores varying significantly in shape and size, posing challenges for
accurate quantification of porosity and other distribution parameters. To
address this, we have idealised these irregular pores into circular shapes, en-
abling a more straightforward approach to measuring key parameters such
as porosity, pore radius, and the coordinates of pore centres (Figure D.3).
This idealisation ensures uniformity in analysis and facilitates the appli-

cation of mathematical models and computational methods. During this
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process, pores that appeared incomplete or had poorly defined boundaries
were excluded to maintain the accuracy and reliability of the measure-
ments. Special attention was given to avoiding the overlap of pores during
the idealisation process, as overlapping can lead to incorrect calculations
of porosity and pore distribution. Despite the simplification of circular
pores, the main geometrical features of the mussel plaque are retained, en-
suring the pore arrangement remains consistent with the original complex

structure.

Figure D.3: The schematic drawing of the idealisation of the porous struc-
ture of mussel plaque cores.
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D.3 The Q—Q (quantile-quantile) plots

The Q—Q (quantile-quantile) plot, which serves as a probability plot, was

drawn in Figure D.4 to compare the probability distributions of x and y

coordinates of the centres of large-scale pores in those 9 SEM images to a

uniform distribution [203]. It can be seen that both x and y coordinates are

consistent with a uniform distribution. Therefore, a uniform distribution

of large-scale pore locations was applied to generate the porous RVEs.
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Figure D.4: Q-Q plots (quantile-quantile plot) comparing the x and y
coordinates of large pores within the 9 mussel plaque SEM photos to a

uniform distribution.

D.4 The size effect of RVE

Because the random distribution of pores affects the stress-strain curve of

the RVE, using randomly distributed pore samples to detect dimensional
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effects is not applicable. Instead, pores with a radius of 1.12 mm (mean
value of pore size distribution) were uniformly arranged in RVEs of three
different sizes (15x15 mm, 30x30 mm, 60x60 mm). The porosity of the
RVEs of all sizes was 27%, which is the same as the large-scale pore porosity
applied in Chapter 5. To ensure that the pore spacing was equal for each
of the three different RVE sizes, a spacing of 3.66 mm was applied (Figure
D.5).
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Figure D.5: Schematic diagram of three difference sizes RVEs (60x60 mm,
30x30 mm, 15x15 mm).

It can be seen from Figure D.6 that the stress-strain curves of the three
different sizes of RVEs almost overlapped, thus learning that the size effect

can be neglected in this study.

D.5 The small-scale pores size effect study
for the multi-scale porous RVEs
Sample C in Section 5.5.2 was selected to regenerate the multi-scale porous

RVEs with three different approximate small-scale pore sizes (0.4 mm, 0.5

mm and 0.6 mm) to understand the size effect on the macroscopic material
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Figure D.6: Strain-stress curves of the three difference sizes RVEs (60x60
mm, 30x30 mm, 15x15 mm).

behaviours of multi-scale RVEs. In ABAQUS, Sample C was meshed using
triangular elements with three different approximate mesh sizes: 0.4 mm,
0.5 mm and 0.6 mm. The 2D elements in the FE models were then removed,
and the remaining nodes were connected using truss elements (T2D2T) as
described in Section 3.2 of the original text. This generated three multi-
scale porous RVEs with approximate small-scale pore size approximations
of 0.4 mm, 0.5 mm and 0.6 mm, respectively. It is noteworthy that the
porosities of these three multiscale porous RVEs remain consistent by ad-
justing the radius of truss elements. The results show that the size of the
small-scale pores within the multi-scale porous RVEs has an insignificant
effect on the macroscopic material behaviours of multi-scale porous RVEs
thereby 0.5 mm was set as the approximate small-scale pore size in the

simulations (Figure D.7).
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Figure D.7: The macroscopic stress-strain curves of multi-scale porous
RVEs with different approximate small-scale pore sizes: 0.4 mm, 0.5 mm
(Sample C’) and 0.6 mm.

D.6 The derivation of Eq. 5.14

The following equation can be derived from Eqgs. 5.12 and 5.13 in Chapter

5:

U= /Q (ag—(cc)@wc' + g(c)% : F) dv (D.1)

where F is the rate of change of the deformation gradient, which can be
presented as F = %(Vu) = V(fi—'; = Vu. The velocity field u represents the

rate of change of the displacement field u with respect to time.

Meanwhile, the vector calculus identity for the divergence of a product of

a vector field a and a vector field A is shown below:

div(a- A) =a-div(A)+ A: Va (D.2)
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Therefore, the second term on the right-hand side of Eq. D.1 can be written

as:

/()2}? FdvV = /Q()g—lﬁ:vudv

_ /Q div (g(c)g—;ﬁ u) v - /Q div (;;(@2—?) -adV

(D.3)

It is also known that the equation of the divergence theorem is,

/V~FdV:/ F -ndA (D.4)
Q 0N

Hence Eq. D.3 can be rewritten as:
o 3_¢ / oY .
/g( )8F FdV = / g(c )(9F u-ndA — i (V (g( )GF -udV

Consequently, Eq. D.1 can be expressed as:

U:[)(a’é—f)wc) dV+/ g(c )g—ii -ndA— /Q<V~ (g( )S}Z’,)) adV

D.7 The derivation of Eq. 5.18

Based on Eq. 5.17 in the original text, the rate of the dissipated energy

from crack formation D/ can be expressed as:

DI = /QGC (% +l(vc-vc')) dv (D.7)

The vector calculus identity for the divergence of a product of a scalar field
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¢ and a vector field A is shown below:

V- (¢0A)=Vo- A+ 6(V-A) (D.8)

Therefore, the second term on the right-hand side of Eq. D.7 can be rewrit-

ten as:

/Q (GclVe- Vc')) dV = /QV (GIVee)dV — /QGclc'(V -Ve)dvV (D.9)

Meanwhile, the equation of the divergence theorem is shown below,

/V~FdV:/ F - ndA (D.10)
Q 0N

Thus Eq. D.9 can be rewritten as follow:

/ (GCZVC-VC')) dv = / GV - ndA — / G lé(V - Ve)dV  (D.11)
Q o0 Q

Finally, based on Eqgs. D.7 and D.11, we can obtain the following equation:

Df = / G.c (9 - ZV20> dV+/ G.IVce-ndA (D.12)
Q ! onN

D.8 The comparison of the solid and small-
scale porous RVEs
Following Section 5.5.3, a truss RVE with 5% porosity, reflecting the poros-

ity of small-scale pores observed in the plaque SEM image (Figure 5.1e),

was firstly generated to compare with the solid RVE and study the effect
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of the small-scale porous structure on material stiffness. It can be seen
from Figure D.3 that the solid RVE exhibited significantly higher stiffness
compared to the small-scale porous RVE. This indicates that even with a
relatively small amount of porosity, the microstructure can substantially
impact the mechanical properties, reducing the stiffness and making the
material more compliant under tensile loading.

0.35 . T : r . : : :

- Solid RVE ]
0.30 } Truss RVE i

Stress (MPa)
o o o
- N N
(6] o (6}

o
-
o
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OOO N 1 N 1 . 1 N 1 .
0.0 0.2 0.4 0.6 0.8 1.0
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Figure D.8: The stress-strain curves of the solid and small-scale porous
RVEs with 5% porosity.

199



Appendix E

E.1 Typical framed-supported force—indentation
curves for carbon fibre mesh reinforced

LLDPE foams

The following figures are the typical framed-supported force-indentation
curves for five different carbon fibre mesh reinforced LLDPE foams under
four different indenters in Chapter 6. The curves show the high consistency

of the QSI tests.
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Figure E.1: Typical framed-supported force—indentation curves for different
carbon fibre mesh reinforced LLDPE foams under conical indenter: (a)
Top reinforced LLDPE foams (TOF), (b) middle reinforced LLDPE foams
(MIF), (c¢) bottom reinforced LLDPE foams (BOF), (d) pure reinforced

LLDPE foams (NOF) and (e) double reinforced LLDPE foams (DOF).
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Figure E.2: Typical framed-supported force-indentation curves for different
carbon fibre mesh reinforced LLDPE foams under truncated indenter: (a)
Top reinforced LLDPE foams (TOF), (b) middle reinforced LLDPE foams
(MIF), (c) bottom reinforced LLDPE foams (BOF), (d) pure reinforced
LLDPE foams (NOF) and (e) double reinforced LLDPE foams (DOF).
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Figure E.3: Typical framed-supported force—indentation curves for different
carbon fibre mesh reinforced LLDPE foams under flat-circular indenter: (a)
Top reinforced LLDPE foams (TOF), (b) middle reinforced LLDPE foams
(MIF), (c) bottom reinforced LLDPE foams (BOF), (d) pure reinforced

LLDPE foams (NOF) and (e) double reinforced LLDPE foams (DOF).
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Figure E.4: Typical framed-supported force-indentation curves for differ-
ent carbon fibre mesh reinforced LLDPE foams under hemi-spherical in-
denter: (a) Top reinforced LLDPE foams (TOF), (b) middle reinforced
LLDPE foams (MIF), (c) bottom reinforced LLDPE foams (BOF), (d)
pure reinforced LLDPE foams (NOF) and (e) double reinforced LLDPE

foams (DOF).
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