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Determining hyperelastic properties of the
constituents of the mussel byssus system-

Yulan Lyu, 22 Yong Pang,® Tao Liu @ *® and Wei Sun®

The mussel byssus system, comprising the adhesive plaque, distal thread, and proximal thread, plays a crucial
role in the survival of marine mussels amongst ocean waves. Whilst recent research has explored the stress—
strain behaviour of the distal thread and proximal thread through experimental approaches, little attention has
been paid to the potential analytical or modelling methods within the current literature. In this work, analytical
and finite element (FE) inverse methods were employed for the first time to identify the hyperelastic mechan-
ical properties of both the plaque portion and the proximal thread. The results have demonstrated the feasi-
bility of applied inverse methods in determining the mechanical properties of the constituents of the mussel
byssus system, with the residual sum of squares of 0.0004 (N?) and 0.01 (mm?) for the proximal thread and
the plaque portion, respectively. By leveraging mechanical and optical tests, this inverse methodology offers a
simple and powerful means to anticipate the material properties for different portions of the mussel byssus

rsc.li/soft-matter-journal

1 Introduction

The mussel plaque within the mussel byssus system (Fig. 1b)
can achieve a strong adhesive strength under wet conditions.' ™
Therefore, scientists have conducted numerous studies on the
chemical composition of mussel plaques,*™® inspiring the devel-
opment of advanced adhesive materials in medical and engineer-
ing fields." 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 interface and estab-
lishing connections between threads and plaques.*® These MFPs
contain high levels of amino acid 3,4-dihydroxyphenylalanine
(DOPA), which forms solid and reversible bonds with various
surfaces and is an essential component of adhesive chemistry.*
Meanwhile, studies have also been carried out to investigate
the mechanical behaviour of mussel plaques.”> Desmond et al.
(2015) analysed the adhesive performance of mussel plaques
subjected to directional tension and summarised three different
fajlure modes: adhesive, interior cohesive, and exterior failure.'?
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."
Furthermore, as researchers delved deeper into the mussel
byssus system, the material properties of the constituents of the
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system, thus providing insights into mimetic applications in engineering and material design.

mussel threads were also revealed. The mussel thread com-
prises a distal and a proximal portion. Each portion has
different compositions and it exhibits distinct mechanical beha-
viours that enable mussels to resist dynamic loads and effectively
dissipate energy.>* Specifically, preCol-D and preCol-P, two pre-
pepsinized collagens, exhibit a prominent presence in the distal
and proximal portions, respectively, potentially leading to differ-
ent mechanical characteristics.">"” Gosline and Carrington
(2004), revealed that the distal portion of M. californianus
mussels can extend approximately half the length of the prox-
imal portion, while demonstrating nearly twice the strength and
fifty times the stiffness.'® Furthermore, when subjected to ten-
sion, 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.”'® Additionally, researchers have also performed cyclic
loading tests to analyse the self-healing mechanism of mussel
threads.”'®"? Reversible sacrificial bonds between proteins and
metals are widely recognised to play a crucial role in the self-
healing process of mussel threads.”>

In order to understand the complex mechanics of the mussel
byssus system, recent studies have established robust experi-
mental methods to characterise its tensile properties, focusing
primarily on the entire thread-plaque system, the mussel thread
or solely on its distal portion.'®**** Nevertheless, mechanical
properties of proximal portion or plaque portion are yet to be
solely studied due to geometrical limits and fragility when
subjected to tensile loads.® Notably, a fundamental nonlinear spring
model was introduced by Waite et al. (2019) to obtain the spring
constant and Youngs modulus for the plaque.”® However, these

This journal is © The Royal Society of Chemistry 2024
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(@) 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: cutting position @ for collecting the whole mussel byssus system samples, ® and ®

for collecting thread samples, @ and ® for collecting distal portion samples.

material parameters were obtained by simplifying the stress-strain
curve of the combined distal and plaque system into three linear
regions.”® Given the similarity between the nonlinear stress-strain
behaviour exhibited by mussel threads and the hyperelastic relation-
ship observed in rubber materials,®” the errors in calculating the
modulus of the distal and plaque portions by simplifying the overall
response to linear are non-negligible. Furthermore, the study has
not analysed stress-strain curves for the plaque and distal portion
separately.”® Therefore, further investigations of the individual
contributions of the distal portion and the plaque to the overall
stress-strain response is necessary.

In the present study, we first investigated the microstructure of
three different portions within the mussel byssus system and
established correlations between the microstructure and mechan-
ical behaviour. Micro-tensile tests were then performed to obtain
tensile force-displacement curves for the distal 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 material properties of the proximal and plaque
portions. We validated the application of analytical and FE inverse
methods in obtaining material properties for each of the three
portions within the mussel byssus system and determined mate-
rial constitutive models of those portions. The application of the
FE inverse approach to obtain the potential plaque bottom surface
detachment radius was also discussed in this research. These
studies offer demonstrable evidence of the applicability of inverse
methods in the analysis of multi-phase biomaterials and provide
insight into the mechanical behaviour of each portion of the
mussel byssus system for future bio-mimicking.

2 Materials and methods
2.1 Sample preparation procedure

2.1.1 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

This journal is © The Royal Society of Chemistry 2024

oxygen-rich seawater at temperatures between 8 °C and 10 °C.
The collected mussels of 3-5 cm in length were tied to 50 x
50 mm transparent acrylic sheets to allow plaque deposition
(see the ESLt for additional details). Three different sample
types were obtained for micro-tensile testing. The first type
comprised whole mussel byssus systems, including an adhesive
plaque, distal and proximal portions. These were collected by
severing mussel threads close to the mussel body using dis-
secting scissors (Fig. 1c). The second type of sample is mussel
threads, including both distal and proximal portions, separated
from the adhesive plaques using blades (Fig. 1c). The third type
exclusively encompassed the distal portions of mussel threads,
collected using dissecting scissors (Fig. 1c).

2.1.2  Scanning electron microscopy (SEM). The SEM method
was conducted to investigate the microstructures of the mussel
byssus system. The threads and plaques were cut using dissecting
scissors to prepare the SEM samples separately. The samples of
the 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 dehydrated in ethanol at increasing
concentrations of 50% (2 times), 70% (2 times), 90% (2 times)
and 100% (3 times) and then further dried in hexamethyldisilane
(HDMS) 2 times for 5 min each.”® After dehydration and drying,
samples were sputter coated with 10 nm thick iridium for 120 s
using a Quorum Q150V Plus and imaged using a JEOL 7100F FEG-
SEM using an accelerating voltage of 5 kv.

2.2 Micro-tensile tests

Two types of micro-tensile tests: plaque tension (Fig. 2b) and
thread tension (distal threads and whole threads) (Fig. 2c), were
conducted on a customised micro-tensile experimental setup
(Fig. 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 MLA11A05) connected to the load cell applies direc-
tional tension to the mussel thread at a slow loading speed of

Soft Matter, 2024, 20, 2442-2454 | 2443
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Fig. 2 (a) Schematic illustration of a customised micro-tensile experimental setup, (b) focused plaque test setup, and (c) focused thread test setup.

0.25 mm s ' to measure the quasi-static tensile responses speed. The linear actuator is powered by a micro-stepping drive
which are not sensitive to further reduction of the loading (Kollmorgen P5000) connected to the power supply. A

(b) 500 pm

Tensile load

L,

(d)

500 pm

Fig. 3 (a) Side view of the mussel plaque, (b) side view of the FE model of the mussel plaque, (c) bottom view of the mussel plaque, and (d) bottom view
of the FE model of the mussel plaque, all under undeformed configuration.
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monochrome camera (Thorlabs DCC1545M, 1280 x 1024 pixels,
25 fps), lens system (Navitar 12x Macro Zoom) and mirror were
positioned on the acrylic plate side to record the side view of the
plaque deformation process under tension.

2.3 Finite element (FE) forward modelling for mussel plaque

A three dimensional (3D) FE model of the mussel plaque was
prepared using ABAQUS/Standard based on the actual measure-
ment from the experiment (Fig. 3a and c). The diameter of the upper
surface and the height of the mussel plaque were approximately
100 pm and 335 pm, respectively (Fig. 3a). Tensile loads perpendi-
cular 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 material properties of the mussel plaque. The
more detailed equations of this material model can be seen in
Section 3.1. The material properties of the mussel plaque model
were iterated in the inverse optimisation algorithm until the tensile
force-displacement curve and the deformed shapes derived from
the FE model synchronised with the results obtained experimentally.

2.4 Fundamental of inverse approaches

It was assumed that within a composite material comprising a
series of sub-materials, there exists an unidentified sub-material
with unknown material parameters. Therefore, the inverse method
can be applied to identify the material properties of the unknown
sub-material by simplifying the composite as a series spring
system (Fig. 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 (Fig. 4a). Therefore, three main inputs in
the analytical inverse approach were as follows:

1. The experimental force-displacement data of the overall
spring system (f¢,d°), where f° = [, £5, £, - » [T, d° = [d.S,
d,%, ds5,. .., d;f]", and k is the number of data points obtained
from the force-displacement curves (Fig. 4b and c).

(@)

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

3. Guessing material parameters of the unknown sub-
material m = [my, my, ms,.. ., mq]T, where ¢ is the number of
material parameters 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 elonga-
tions of all sub-materials:

fe:fle:fZGZ"':fpe
d=d°+d+ +d 1)

Because the material parameters w;, material constitutive equa-
tions and sizes of the p — 1 sub-materials were assumed to be
known, the elongations of these sub-materials can be calculated
based on eqn (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:

dm)=d" +d*+.. +d "+ d"(m) (2)

where d',d,. . .,d°" are the elongation vectors for known sub-
materials calculated from the known material parameters o;,
material constitutive models, measured sizes and experimental
forces.

Thus, the residual vector F(mm) based on the guessing mate-
rial parameters m can be defined as (Fig. 4b):

F(m) = d° — d(m) = [F,(m), Fx(m), F3(m),..., Fi(m)]”  (3)

If the force is used as the optimisation metrics, the residual
vector F(m) can be determined as (Fig. 4c):

(e, d%)

- (fP¢, dve)

(d) g ----- Experimental
f(m) ;/ fT FE inverse
fii
fm)
’fs
FESRY

Displacement (mm)

Fig. 4

Displacement (mm) Y (mm)

(a) Schematic diagram of the simpilified spring system, (b) schematic representation of the principle of the inverse method using displacement 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.

This journal is © The Royal Society of Chemistry 2024
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F(m) = f* — f(m) (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.

The optimisation process is achieved by applying the nonlinear
least squares estimation function Isqnonlin within the Matlab
Optimisation Toolbox.”® This method effectively addresses curve-
fitting problems characterised by using the following form of
nonlinear least-squares:*°

min || F(m) (3= min(Fy(m)? + Fa(m)® + Fs(m)? + -+ Ee(m)°)
(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 0 is initially set to
0.01 in the ‘options’ and can be changed to the desired degree
of precision.”” When the final change in the sum of squares
relative to its initial value is less than the value of the function
tolerance, Isqnonlin will stop and the optimised material para-
meters m* will be obtained (Fig. 5):

min | F(m) |3< 0 (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 material geometry, known and guessed
material parameters, material constitutive 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 lsgnonlin, meaning that when eqn (6) is satisfied, the
optimised material parameters m* will be obtained (Fig. 5).

3 Mussel byssus system material
constitutive models and inverse
procedure

3.1 Hyperelastic 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,”'*'**° different
hyperelastic material constitutive models were assumed to present
plaques, distal threads and proximal threads, respectively. The
incompressible Ogdens model was applied 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.

The strain energy potential W of the three-order Ogden model is
expressed in terms of principal stretches as follows®':

u 2#/? F0p 20p F%8
W:ﬁzla%{()“l +4 2 =3) (7)
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Fig. 5 Flow chart of both analytical inverse and FE-based inverse procedures.

where N is the order of strain energy potential (N = 3), uz and o (f =
1, 2, 3) are six material constants. 1, 4, and /; are the distortional
principal stretches which can be calculated using principal

- L . .
stretches 4, = J 73 - 4,(n = 1,2,3), J is the total volume ratio.
Meanwhile, the strain energy potential of the incompressi-
ble Neo-Hookean material model is given below:*>

W=Ci(0 + 2> + 25> — 3) (8)

where C; is a material constant.
Tensile tests were assumed to be uniaxial. Therefore, the
uniaxial stress ¢ and stretch 4 for the Ogdens model can be

expressed as
3 2 1\ %
S
=1 B Vi

The uniaxial stress ¢ and stretch /. for the Neo-Hookean
hyperelastic model are defined as shown below:

o1
U:2C1(/L_ﬁ)

3.2 Application of inverse approaches to the mussel byssus
system

(10)

3.2.1 Problem definition. The shorter length of the prox-
imal 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 material properties.

This journal is © The Royal Society of Chemistry 2024
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3.2.2 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 (f4°ds%) was obtained from the
micro-tensile tests for the distal portion, and the stress-strain
data (a4,q) can be further calculated by

fa
0'3 =—>3
Ty
dg
§=1 (11)
d

where rq and /4 are the radius and length of the distal portion
before tension.

Based on the experimental data and the hyperelastic Ogden
model (eqn (9)), six material parameters of the distal portion
(g, @), (B =1, 2, 3) can be determined using a simple analytical
or FE-based inverse approach shown in Fig. 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€,d;?) was also obtained
from micro-tensile tests for the whole thread. Based on eqn (1),
the following equations can be obtained:

fte :fpe :fde

df=d,° +ds (12)

where f,° = ()1, ()2 - ()" and £ = [(A)1, ()2 - (A"

are the tensile force vectors of the proximal portion and the
distal portion, respectively. d,* = [(dp%)1,(dp)as- - (dp)k]” and
d® = [(d),(d5)s,. - ,(dE)k]" are the elongation vectors of the
proximal portion and the distal portion, respectively.
Therefore, the elongations of the distal portion can be
calculated based on eqn (9), (11) and (12), and the six material

parameters obtained from the previous distal portion
tensile tests:
(l/g
) g | ()" ) 1 (13)
my i o la (dS),+a

l d

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

Meanwhile, the elongation of the proximal portion d(C,P),
based on the given material constant C,P can be calculated in
the analytical inverse approach based on eqn (10) and (12):

p _ (fie)‘/ 1
(d(cl)*’)f P amcr " (a(cD),) +h

J

1| ()

by

where r, and [, are the radius and length of the proximal
portion before tension. (d(C,")p); is one data point within

This journal is © The Royal Society of Chemistry 2024
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d(C;P), and a function of C;’. (The rule also applies to sub-
sequent arguments containing C,P in parentheses)

As a result, the tensile displacement of the whole thread
based on the given material constant C,P can be expressed as

(15)

The residual vector F(C,P) based on the given material
constant C;” then can be defined as

d(C,P), = d(C,P), + dy°

F(C,P) = d£ — d(C1P); = [F1(C1P), F2(C1P), F5(CiP),. .., FiCiP)]"
(16)

If the tensile force was used as metrics, the residual vector
F(C4P) can be expressed as

F(CP) =f& = f(C:P)

Isqnonlin was applied for parameter optimisation in section
2.4, and the functional tolerance 0 was initially set as 0.01.
Isqnonlin will stop when the following convergence criterion is
satisfied:

(17)

min|[F(C)[5< 0 (8)

1

3.2.3 FE-based inverse approach for the mussel plaque.
The FE inverse approach was employed as the irregular shape
of mussel plaques makes the above analytical inverse approach
inapplicable. 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
eqn (1), the force of the mussel plaque f},;° can be obtained
from the experiment:

Soi° =fa€ = fampt® (19)

where f4¢ and fq.p° 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 plaque dp,° was also measured from the side-view
video (Fig. 11a) to generate the experimental force-displace-
ment data (fp1°,dp1°) as input in the FE inverse approach. The
guessing material parameter C;” of the mussel plaque was then
written on the ABAQUS CAE Interface and updated in Isqnon-
lin. A post-processing Python script was created to extract the
force-displacement data (f(C;"")p1,d(C,™"),1) based on the gues-
sing material paramter C;” from the ABAQUS odb file.

The residual vector F(C,') and the sum of squared residuals
from the force-displacement data based on the guessing mate-
rial paramter C;”' can be defined as:

F(C,P) = dy® — d(Ci™)p1 = [F1(C1P),Fo(C1™), - o Fi(C1PY)]”
()=l ()]

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 k; were analysed.

(20)

Soft Matter, 2024, 20, 2442-2454 | 2447
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For each deformed shape, the leftmost node was set as (0,0)
(Fig. 3a), and nodes with a total number of k, were selected on
each shape. Graph Grabber v 2.0.1 software was used to obtain
the coordinates (y,z) of selected nodes (https://www.quintessa.
org/software). Meanwhile, the coordinates (y,z(C;"")) of corres-
ponding nodes based on the guessing material parameter C,P'
were exported from the FE model using a post-processing
Python script.

The residual vector F5(C;”') of each deformed shape can be
expressed as (Fig. 4d)

F(C™) = 2 — 2(Ch") = [F(CP) 5GP, . F(CP)]”
(21)

Thus, the sum of squared residuals for all the deformed
shapes were defined as:
ky ko

7 ()= m(er),]

h=1 g=1

(22)

The total sum of squared residuals R(C;') for both force-
displacement curves and deformed shapes is defined below:
re) =i [r(@) e ()], e
1 1), Al
where W, and W, are the non-negative weights, W,;,W, € [0,1],
Wy + W, = 1. W; and W, 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 study interest.**?*
Isqnonlin was applied for parameter optimisation in section
2.4, and the functional tolerance 6 was initially set as 0.01. The

value of 0 can be adjusted based on the optimisation condi-
tions. Isqnonlin will stop when the following convergence

View Article Online
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criteria are satisfied:

min[R(CP)] < 0 (24)
a
The analytical inverse and FE-based inverse procedures
specifically for the proximal portion and the plaque portion
are summarised in Fig. 6.

4 Results

4.1 Microstructures of the mussel byssus system

Four different microstructures from the mussel byssus system
were identified by SEM analysis (Fig. 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 (Fig. 7c). The surface of the distal portion is
smooth, but longitudinal patterns of approximately 1 pm in
width can still be seen on the surface (Fig. 7e). 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 (Fig. 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, the mussel plaque with a porous core
structure that is distinctly different from that of the thread is
shown in Fig. 7f. Different microstructural characteristics and
protein composition®*~*” may be the reasons for the difference
in material properties for different portions and provide evi-
dence for the feasibility of the spring system assumption, which
is the main basis of inverse approaches (Fig. 7a and b).

v

Input (i, ), i = 1,2,3, C? and C¥' F---

Proximal

Plaque Set Wy, W, Ib, ub, 0 Proximal

Input
(Lasra). (Lpsmp), (F7,

r(ot) =wi- [ (er);+ws-|

I (@)= [ ]
r(en)[l =t s (e,
r(er)

2

nput (y, 2). (#,d3)
Analytical solutiol Analytical solutiol
feasible? feasible?
No Yes

} l

Run ABAQUS fE=f=1
Extract results df = d; + d; [y .

((c2) a(er),). (w=(2))

d(CY): = d(CY), + dj

Update C7,c%

Output C? *

Output C7' -

Fig. 6 Flow chart of determining the hyperelastic properties of the plaque and the proximal portion by using FE-based inverse approach and analytical

inverse approach, respecticvely.
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(a) The idealization of the thread-plaque mechanics model, (b) the overall thread—plaque structure, and (c)—(f) the micro-structures of the

proximal portion, transition portion, distal portion and plaque core, respectively.

4.2 Micro-tensile test results

It is evident from Fig. 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.>**®3° Nevertheless, the distal
portion tests show consistent failure 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 proximal portions and the combined distal and
plaque portions are shown in Fig. 8c and d, respectively. An
inflection point can be found in some of the force-displace-
ment curves of the combined distal and plaque portions
(Fig. 8c), which may indicate that the ultimate failure of the
combined portions is likely to occur after the yield point of the
distal portion. In contrast, 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
Fig. 8c and d also demonstrates that the failure displacement 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.

4.3 Material properties of individual constituents

4.3.1 Material properties of the distal portion. The “fmin-
search” method in MATLAB was first used to generate a target
curve that closely matched the experimental data, which was

This journal is © The Royal Society of Chemistry 2024

then used as input to the inverse approach to speed up the
inverse calculation. The optimised curves of the analytical and
FE inverse approaches with the assumed hyperelastic Odgen
model show close agreement with the target curve (Fig. 9). The
material properties obtained from both inverse approaches are
shown in Table 1 and were used as input for the latter proximal
and plaque inverse approaches.

4.3.2 Material properties of the proximal portion. The
process of optimising the material parameters for the proximal
portion followed the method shown in Fig. 6. Different thread
dimensions can 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
Fig. 8a to remove the noise and set as the target curve. The
force-displacement curves from inverse approaches on the
basis of the assumed Neo-Hookean model are in good agree-
ment with the experimental result (Fig. 10). Therefore, the
material parameter of the proximal portion C;” and residuals
from both inverse approaches are given in Table 2.

4.3.3 Material properties of the plaque portion

4.3.3.1 Material parameter C/*' 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 found
to be 0.25 mm. Subsequently, by applying eqn (19) to the
force data obtained from the distal-plaque test 1 (Fig. 8d),

Soft Matter, 2024, 20, 2442-2454 | 2449
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the force-displacement curve for the individual plaque can be
constructed, as shown in Fig. 11b and d. Furthermore, three
deformation shapes at different displacements were obtained
from test 1 (Fig. 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 (Fig. 11c and e).

The experimental force-displacement and shape curves
(Fig. 11b-e) were used as input for the FE inverse approach,
then the material parameter for the plaque portion C,P' was
output as 1.2 MPa with a minimum sum of squared residuals

50 T T T T T T
EXP
Target curve
__ 40 F [~ Analytical inverse solution 1
g R FE inverse solution
=
» 30 4
[%2]
o
n
© 20 | B
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£
<]
pz4
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Nominal Strain

Fig. 9 Nominal stress—strain curves of the distal portion obtained by
experiment, fitting and inverse.
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Table 1 Material properties of the distal portion

Material constants ~ Analytical inverse solution  FE inverse solution

11 (MPa) 529 —528
o 7.19 6.69
1ty (MPa) 425 426
o 7.12 6.79
1tz (MPa) 229 229
o —-14.5 —12.4

0.137 mm? (Table 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
Fig. 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 upper part (Fig. 11c).
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 stretched thread
(Fig. 11c). Meanwhile, after dj, = 0.16 mm, the experimental
curves were slightly lower than the simulated curves (Fig. 11b).
Therefore, the results could indicate a possible detachment on
the bottom surface at dj,; = 0.16 mm during the experiment.

4.3.3.2 Potential bottom detachment radius optimisation. In
order to further analyse the bottom surface detachment radius
at d,; = 0.16 mm, it was assumed that the detachment area was
a circle and that the projection of the centre point on the upper

This journal is © The Royal Society of Chemistry 2024
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Table 2 Proximal portion material parameter C,°(MPa) and the min of the
sum of square residuals (N?)

surface.

to be the same as 1.2 MPa and the detachment radius from d.
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pl =

0.16 mm to dp; = 0.25 mm was assumed to be constant. The
. updated target force-displacement curve shown in Fig. 11d was
A applied as the new input. Meanwhile, the radius of bottom
. surface detachment was optimised inside the FE inverse
approach instead of the material parameter C,”. The 3D FE
1 model used within this FE inverse approach was the same as in
section 2.3. The only difference was that the fixed boundary
b conditions at the bottom points within the detachment area
were removed at dp,; = 0.16 mm to simulate the bottom surface
b 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

The updated inverse results with detachment can be seen in

Fig. 11d and e with a detachment radius = 0.6 mm and a less
minimal sum of squared residuals 0.01 mm? (Table 4). The FE

and experimentally deformed shapes at d,; = 0.16 mm and
0.25 mm were more consistent than the previous results

(Fig. 11d and e). The discrepancy between the FE and the

experimentally deformed shapes at d, = 0.25 mm suggests a
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Fig. 11

Inverse methods C,"(MPa) min||F(C}) ||§(N 2)
Analytical inverse method 9.16 0.0004
FE-based inverse method 11.2 0.0005

surface to the lower surface was used as the detachment centre
point. Furthermore, the material parameter C,P' was assumed

possible detachment 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
expands and is not static. Overall, the implementation of shape

optimisation in the mussel plaque’s FE inverse approach leads
to a more accurate result.
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(@) The side view of plaque deformation at dy = 0 mm, dy = 0.16 mm, and dy = 0.25 mm. (b) The force-displacement curves without

detachment at dp = 0 mm, 0.16 mm, 0.25 mm, (c) the deformed shape comparison of the plaque portion without detachment at d,; = 0 mm, 0.16 mm,
0.25 mm, (d) the force—displacement curves with detachment at d, = 0 mm, 0.16 mm, 0.25 mm, and (e) the deformed shape comparison of the plaque
portion with detachment at dg = 0 mm, 0.16 mm, 0.25 mm.
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Table 3 Plague portion material parameter C;"(MPa) and the minimum
value of the sum of square residuals (mm?) from the FE inverse approach

Inverse output without detachment

c,”! 1.2
min[R(C,")] 0.137

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 proximal portions individually.®''*3°
However, due to the size of the mussel byssus system and the
complexity of the biomaterial composition, there are still some
challenges to comprehensively understand its mechanism
using experimental or numerical methods. In our study, the
analytical and FE inverse approaches were applied for the first
time to obtain the hyperelastic properties of the constituents of
the mussel byssus system in this investigation, which could
simplify the process of obtaining experimentally challenging
material properties of the mussel byssus system or any other
compound material system. The results show that the force-
displacement curves based on the identified material properties
from both inverse approaches are in good agreement with the
micro-tensile test results, which demonstrates the feasibility
of inverse methods for identifying the material properties 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.”®*® This investiga-
tion focuses on the application of the finite element (FE) inverse
method, where the selected 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.’>"* Therefore, the integration of the inverse
method with basic mechanical and optical tests is essential for a
comprehensive analysis. Furthermore, it is pertinent to highlight
that our experimental protocol only applied a stretching angle of
90° rather than aligning with the natural growth direction of
mussels, as the research focus is to assess the feasibility of inverse
methods to obtain the material properties 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
15° using directional tensile experiments and FE simulations.™
Additionally, the deformed side shapes and the potential detach-
ment of the plaque bottom surface were also included in the FE
inverse approach to further increase the accuracy of the results.
Specifically, in the study conducted by Waite et al (2019), the
spring constant and Young’s modulus of the mussel plaque were

Table 4 Bottom surface detachment radius rp(mm) and the minimum
value of the sum of square residuals (mm?) from the FE inverse approach

FE inverse approach output

T 0.6
min[R(C,P)] 0.01
2452 | Soft Matter, 2024, 20, 2442-2454
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obtained by simplifying the stress-strain curve of the combined
distal and plaque system into three linear regions,*® 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 material properties of distal threads, and
the Neo-Hookean model may be a better choice for describing the
material properties 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 micro-
structures of the different portions derived from micro-tensile
tests, are also in agreement with the results of previous
studies.”'****" The unique folds and furrows found in the
proximal portion might be one of the reasons why the proximal
portion is more ductile than the distal portion, as they allow the
proximal portions more room to stretch and expand, helping
to dissipate the strain energy (Fig. 7c and e). Meanwhile, the
variety in protein composition could be another reason to
explain the differences in the tensile properties of different
portions. The biochemical composition of the mussel byssus
system has been well researched, particularly the protein
composition and metals.>*>?%*** 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 f-sheet crystalline particle matrix to
provide greater strength and toughness in the distal
portion.** Additionally, the protein composition of the plaques
differs from that of the threads, which is mainly composed of
MFPs that help in the adhesion of the mussel plaque. The
material properties, chemical composition, and microstructure
of these three portions contribute to a better understanding of
the mechanism and energy consumption underlying the com-
posite characteristics of the mussel byssus system.

Although identifying the material properties of each portion
in the mussel 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 material properties 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 tensile behaviour, respectively. Meanwhile,
several questions have not been addressed, such as the transi-
tion mechanism between the proximal portion and the distal
portion, the dynamic plaque detachment process within the
inverse approach and the fracture properties of these different
portions. In addition, 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.*’ In our research,
the mussel byssus system was assumed to be hyperelastic
materials without considering any microstructural damage

This journal is © The Royal Society of Chemistry 2024
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before the final failure. Therefore, how to further simulate and
analyse the damage and self-healing of the mussel byssus
systems under multiple loading cycles using inverse methods
is also an interesting future research direction.

In our study, we introduced analytical and FE inverse
methods to obtain the material properties of the constituents
of the mussel byssus system 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
research. Meanwhile, the diversity of mussel byssus system
mechanisms also provides many insights for mimetic applica-
tions in engineering and material design, such as the design of
anchor systems using the feature of the mussel byssus system
to reduce fatigue in the mooring lines.

6 Conclusions

In this research, both analytical and FE inverse methods have
been applied for the first time to determine the individual
material properties 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-displace-
ment curves from different constituents of the mussel byssus
system and side-deformed shapes of mussel plaques as optimi-
sation metrics.

The findings indicate that these inverse techniques effec-
tively identify the individual material properties 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. Meanwhile, the
results support the accurate representation of the material
properties of the distal portion with the Ogden hyperelastic
model and the proximal and plaque portions with the Neo-
Hookean hyperelastic model. Additionally, this study has also
conducted a comprehensive characterisation of the microstruc-
ture and material properties of the three different portions
within the mussel byssus system. The distal portion exhibits
elevated strength but reduced ductility 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.

The material parameters obtained from the inverse methods
offer an opportunity for in-depth analysis of the material
behaviour of the mussel byssus system. Future studies could
focus on further improving the precision of inverse 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

This journal is © The Royal Society of Chemistry 2024
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using a comprehensive 3D finite element model of the mussel
byssus system.
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