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1 Introduction

Unveiling the deformability of mussel plaque core:
the role of pore distribution and hierarchical
structuret

3 Mengting Tan,© Yong Pang,® Wei Sun,® Shuguang Li® and
*b

Yulan Lyu,
Tao Liu

The mussel thread-plaque system exhibits strong adhesion and high deformability, allowing it to adhere
to various surfaces. While the microstructure of plaques has been thoroughly studied, the effect of their
unique porous structure on the high deformability remains unclear. This study first investigated the
porous structure of mussel plaque cores using scanning electron microscopy (SEM). Two-dimensional
(2D) porous representative volume elements (RVEs) with scaled distribution parameters were generated,
and the calibrated phase-field modelling method was applied to analyse the effect of the pore
distribution and multi-scale porous structure on the failure mechanism of porous RVEs. The SEM
analysis revealed that large-scale pores exhibited a lognormal size distribution and a uniform spatial
distribution. Simulations showed that increasing the normalised mean radius value (4) of the large-scale
pore distribution can statistically lead to a decreasing trend in final failure strain, strength and strain
energy density but cannot solely determine their values. The interaction between pores can lead to two
different failure modes under the same pore distribution: progressive failure mode and sudden failure
mode. Additionally, the hierarchical structure of multi-scale porous RVEs can further increase the final
failure strain by 40-60% compared to single-scale porous RVEs by reducing stiffness, highlighting the
hierarchical structure could be another key factor contributing to the high deformability. These findings
deepen our understanding of how the pore distribution and multi-scale porous structure in mussel
plagues contribute to their high deformability and affect other mechanical properties, providing valuable
insights for the future design of highly deformable biomimetic materials.

to mussel plaques and found that they can experience sub-
stantial deformation,® exhibiting up to a 2.8-fold increase in

The mussel byssus system, consisting of protein threads and
porous plaques (Fig. 1a and b), can anchor to almost any
surface in harsh marine environments."™ This ‘anchoring’
system enables mussels to withstand a force equivalent to
approximately 10 times their own weight (Fig. 1a).” 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
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volume when the pulling angle reaches or exceeds 45° (Fig. 1c).

However, despite thorough studies on the adhesive perfor-
mance of mussel plaques,” " the cause of their high deform-
ability remains unclear.

Mussel plaques consist of a porous core and a protective
cuticle layer (Fig. 1b).">”*® The cuticle layer, approximately 4 pm
thick, is covered by granules about 0.5 pm in size.> 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 (Fig. 1d-f). The obtained
pore size ranges are consistent with previous studies.">'® The
formation of porous structures is closely related to seawater
temperature and pH levels."*'® The plaque core and cuticle layer
work together to enhance the deformability and establish a robust
load-bearing capacity.>”!” The pore structure of significantly
deformed plaques has been reported in previous work.'>"®
However, the evolution of the pore deformation under external
loads, leading to high deformability, remains unclear.
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Fig. 1 (a) Mussel byssus system attached on a rock, (b) schematic diagram of the mussel plaques microstructure,® (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.

Previous research has suggested that the pore arrangement
within the plaque cores might influence the stress heterogene-
ity and thus have a significant impact on their deformability."
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 natural
porous structure (Fig. 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 perfor-
mance, with a focus on deformability. We investigated the
effects of pore distribution (Fig. 1d and f) and multi-scale
porous structure (Fig. 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 experi-
mental 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 mecha-
nism 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.

7406 | Soft Matter, 2024, 20, 7405-7419

2 SEM characterisation of mussel
plaque core
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
(8-10 °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
razor blade (Accu-Edge® Disposable Microtome Blades S35).
To prevent damage when removing the plaques from hard
acrylic plates, a thin layer of polydimethylsiloxane (PDMS)
was coated on the acrylic plates. The PDMS substrates with
mussel plaque deposits were precisely cut using surgical blades
for fixation and cryo-sectioning. Cutting was carried out with a
5 mm margin from the target plaque to prevent any damage to
the plaque/substrate interface and microstructures. The col-
lected plaques were fixed in a solution containing 3.7% for-
maldehyde and 2.5% glutaraldehyde for approximately four
hours.>"® 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

This journal is © The Royal Society of Chemistry 2024
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mounting medium." The plaque slices underwent dehydration
through sequential concentrations of ethanol and were sub-
jected to two drying cycles of hexamethyldisilane (HDMS)."?
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.

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) (Fig. 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 repre-
sentative (Fig. 1e, 2 and Fig. S1, S2 in the ESI{). The irregular
large-scale pores were simplified into circular shapes, as shown
by the pore outlines in Fig. 2. The simplification facilitates a
more direct method for obtaining important distribution fac-
tors 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 features of plaque cores
were retained, thus ensuring that the pore distribution
remained consistent with the original complex structure (Fig.
S3 in the ESI¥).

Meanwhile, the radii of large-scale pores and the coordi-
nates 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 (ﬁ;;) and normalised

standard deviation value (sj;) of the large-scale pores radius

were calculated as:

_x :rpl +rp At pm
LS m* g

1)

where r,; is the radius of large-scale pores within the SEM
images and m is the number of large pores within the SEM
images. The porosity of large-scale pores within the selected
SEM image can be calculated as:

2 2 .2
:Ttrpl + TSt A Ty,

2 ®3)

It can be observed that the large-scale pore radius consis-
tently follows a lognormal distribution (Fig. 1e, 2 and Fig. S1, S2
in the ESIT). However, the distribution parameters and porosity
may be affected by the position of the slices or plaques
considered (see Table 1 and Tables S1, S2 in the ESIf).

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

The range of p, within the plaques is approximately 0.021-
0.043, while the range of 5, 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) (Fig. S4
in the ESIt) comparing the x and y coordinates of large-scale
pore centres in the nine SEM images (Fig. 1e, 2 and Fig. S1, S2
in the ESIt) show that both the x and y coordinates are
consistent with a uniform distribution.

Therefore, it can be concluded that the radius of large-scale
pores is lognormally distributed, and the coordinates of the
large-scale pore centres are uniformly distributed within the
mussel plaque core. Because the distribution parameters and
porosity vary for each SEM photo, the parameters of Fig. 1le
were selected and scaled to generate the porous RVEs for
further study: v; = 27%, p, = 1.12pm and s, = 0.34 pm. p,
and s, are the mean and standard deviation values of the
lognormal distribution of the large-scale pores within Fig. 1e,
respectively.

The pore radius distribution of the small-scale pores also
follows a lognormal distribution with a mean value of 150 nm
and a standard deviation value of 190 nm (Fig. 1f). The porosity
of the small-scale pores v in Fig. le was calculated using
Image] 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 rele-
vant insights into the characteristics of small-scale pores.

3 The generation of the porous RVEs

Two types of Two-dimensional (2D) porous RVEs were gener-
ated 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.

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 enable 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%, w, = 1.12 mm and s,; = 0.34 mm). The dimen-
sions 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 RVEs was investigated by studying the
responses of the RVEs with ordered pore arrangement and
uniform pore size (details shown in the ESIf). The ordered
porous RVEs featured porosity that was consistent with that of
the large-scale pores obtained in the SEM image (v; = 27%). The
pore size within these RVEs was consistent with the scaled

mean value of the large-scale pores (M;s =1.12 mm), and the

spacing between adjacent pores was the same (Fig. S5 in the
ESIt). The results obtained from the simulations showed that

Soft Matter, 2024, 20, 7405-7419 | 7407
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Fig. 2 Pore size and location distribution analysis for SEM images of different plaques.

the RVEs with the 30 x 30 mm dimension could reflect (Fig. S6 in the ESIt). The macroscopic stress was determined
the macroscopic stress-strain relation of the porous structures by dividing the reaction force in the tensile direction by the

7408 | Soft Matter, 2024, 20, 7405-7419 This journal is © The Royal Society of Chemistry 2024
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Table 1 Porosity (v), normalised mean radius (ﬂ;) and normalised
standard deviation of radius (v;) of simplified large-scale pores within
the SEM images for different plaques

Porosity (v;) i, 5y
Plaque 1 25% 0.037 0.011
Plaque 2 26% 0.034 0.01
Plaque 3 30% 0.037 0.014

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.lognormvariate (1, s,) was
used to generate pores in the RVEs following a lognormal
distribution, where u, is the scaled mean value of the normal
distribution corresponding to the lognormal distribution
within the SEM image:

*2

lupS
N v
s, is the scaled standard deviation value of the normal distribu-

tion corresponding to the lognormal distribution within the
SEM image:

&, =In = 0.07 mm (4)

The coordinates of pore centres follow a uniform distribu-
tion in accordance with the coordinate distribution observed in
the SEM images (Fig. 1d, 2 and Fig. S1, S2 in the ESIt). 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 pores centre coordinates (x; y;) must
adhere to the following relation:

ien

(6)
here, n is the number of pores within the RVE, r; represents the
ith pore radius in the RVE, and w is the side length of the RVE,
ie. 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
0 in the RVE must be greater than the sum of their radii to avoid
overlapping:

Yy ef{lpyn<x<w-rrn<y <w-r}

0= \/(xifx_/)er(yify_/)z>r,~+r_/, i#j,i,JEN (7)

Consequently, the 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.

This journal is © The Royal Society of Chemistry 2024
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The generated single-scale RVEs were discretised using 2D
triangular plane stress elements including temperature effects,
i.e. CPS3T*® in ABAQUS notation and analysed using the phase
field modelling method via analogy to a coupled heat transfer-
displacement analysis.>* The phase field method is described
in more detail in Section 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 (x;, 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 (¢), strength
(0max), final failure strain (eg), and the strain difference (A¢)
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 strain was defined as the strain value corresponding to
the peak strength, and the final failure strain (e¢) was the strain
value corresponding to the point that stress decreased to 0.
Additionally, the normalised mean value (i) and normalised
standard deviation value (5) of the pores radius within each
single-scale RVE were calculated as:

_r1+"2+"‘+rn
n*xw

(8)

3.2 Generation of multi-scale porous RVEs and post-
processing procedure

To further investigate the influence of multi-scale porous
structures on mussel plaque behaviour, three different single-
scale RVE FE models were selected. 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 generated by removing 2D elements in the FE models and
reconnecting the nodes using lines. In the simulation, the walls
of the pores were represented by these lines. The approxi-
mation is a simple way as a first step into the study, and it
should be capable of offering some qualitative assessment of
the behaviour of such structures. As a result of such idealisa-
tion, 2D wall surfaces were subsequently simulated using 1D
elements in the finite element (FE) models, connecting the
nodes to form 2D porous structures (Fig. 3). Additionally, for
cellular solids made of rubber-like materials, the type of unit
cell primarily determines whether stretch- or bending-governed
behaviours during the elastic deformation stage. However,

Soft Matter, 2024, 20, 7405-7419 | 7409
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Fig. 3 Schematic drawing of multi-scale porous RVE generation (The
mesh element type switched from 2D triangular plane stress elements
CPS3T to coupled temperature-displacement truss element T2D2T).

rubber-like materials are highly stretchable, with a failure
strain of approximately 1.2. Under large deformations, they
ultimately exhibit stretch-governed behaviour regardless of the
unit cell type.”>** In this scenario, 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®’) are a good approximation in
FE simulations, as they effectively capture the stretch deforma-
tions of the walls.

The radius of the truss elements was determined to ensure
that the newly generated RVEs reflected the same overall
porosity (v = vs + v; = 32%) with the SEM image (Fig. 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
(0.05-0.8 mm). A size effect study, detailed in the ESIL,{ confirmed
that the size of the small-scale pores within the multi-scale porous
RVEs has an insignificant impact on the macroscopic material
behaviours (Fig. S7 in the ESIt). Notably, the structural configu-
ration adopted in the multi-scale porous RVEs serves as an
approximation for examining the multi-scale porous structure of
the mussel plaque. This simplified model was utilised to explore
characteristic behaviours of such structures rather than a precise
duplication of the plaques hierarchical structures.

Building on the same material properties and periodic
conditions®*® used in the single-scale RVE FE models, the
phase field method was applied to analyse the failure behaviour
of the multi-scale porous RVEs (Section 4). The stress-strain
curves of multi-scale porous RVEs were extracted from the
ABAQUS.odb files, and fracture paths were analysed using the
Abaqus/CAE graphical user interface.

4 ABAQUS implementation and
experimental calibration of the phase
field modelling method

4.1 Theory of phase field method for fracture modelling

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

7410 | Soft Matter, 2024, 20, 7405-7419
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According to the theory of energy conservation, when a crack
grows in an arbitrary body @, the energy per time unit E
provided externally is equal to the rate of the strain energy U
stored in the material and the rate of the energy D¥** dissipated
from the crack:

E= U+ DY (10)

Let ¢ denote the phase field variable. The value of c¢ is
between 0 and 1, with ¢ = 0 and ¢ = 1 denoting undamaged
materials and fully damaged materials, respectively. The quad-
ratic degradation function g(c) is introduced to control the
material stiffness, i.e.,

g =01 -0 (11)

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

U= jgg@)«) av (12)

where ¢ is the strain energy density.
For incompressible 2D plane stress studies in this research,
the strain energy density ¢ can be expressed as ref. 27:

(13)

where F is deformation gradient tensor, ¢is.(F) is the isochoric
strain energy density.

Therefore, based on the vector calculus identity*® and diver-
gence theorem,> the rate of the stored strain energy is given by:

¢ = Piso(F)

U = JQ (8%—(0")@) dv + J(mg(c)g—(g -ii-nd4

L (o) o

where ¢ is the rate of the damage variable, 1 is the velocity field
presenting the rate of change of the displacement field u with
respect to time, 0Q is the surface of the volumetric body Q and
n is the outward normal to the surface 0Q. The derivation
process for eqn (14) is shown in the ESLf

Meanwhile, the dissipated crack formation energy density t
was given by Miehe et al. (2010):*°

(14)

2

¢
T =Gy(c,Ve) = G, (E +§(Vc - Vc))

(15)
where G. is the critical energy release rate and y,(c,Vc) is the
crack density function with length scale parameter I, phase
field variable ¢ and the spatial gradient Vc.*°

Therefore, the energy dissipated by the crack formation D/
and the rate of the dissipated energy from crack formation D'
can be written as:

D = erV = JQGC (‘2—21 + é(Vc . Vc))dV (16)

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm00832d

Open Access Article. Published on 27 August 2024. Downloaded on 1/20/2026 1:40:42 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

D = ‘ G. (C—;+I(Vc‘vVé))dV (17)
Jo
Again, based on the vector calculus identity®® and diver-
gence theorem,?® eqn (17) can be rewritten as:
B = | Gec(5 - 19%¢)d IVeé-nd
= 4y c|dV+ | GVec-ndA (18)
Q 20

The derivation process for eqn (18) is in the ESL}
Moreover, a rate of dissipation energy for crack growth Df
was introduced by Pascal et al. (2019):*”
D¢ = J Yt 14 (19)
Q

where scalar k,; denotes a viscosity parameter. Thus, the rate of
the dissipated energy through the crack can be presented as:

- JQGCG - IV2c>d %

—O—J G.IVece-ndA + J
o)

Ddiss

(20)

ki *dv
Q

Additionally, 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 E can be
expressed as:

E:Jb-ﬁdV+J t-ud4 (21)
Q 0Q
where b presents the volumetric body force vector and t is the
surface traction force vector.

Therefore, based on eqn (10), (1
obtained as follows:

4), (20) and (21), it can be

Jb.udV+J t-add = J (ag( )4 G
Q aQ Q dc /

L7 (s030) ) o0

I .
oF "

— G IV?c+ Klé’)d v

+ g( )= -u-ndA

+ | GcIVeé-ndA4
0

(22)

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

V. (g( )g;)er_o

dg(c)  Gec
ac P

c+rx1c=0
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with the following Neumann boundary conditions that may be
applied

Op

gl(e )8F n=t and GJVc-n=0

(25)
Based on eqn (24), if k; = 0, the phase-field response is rate-
independent. Alternatively, the response is rate-dependent.

4.2 Finite element (FE) analysis implementation

4.2.1 Heat transfer analogy. The strain energy density for
the incompressible Neo-Hookean material specifically is shown
below:>*

¢ =Cy(l —3) (26)

where C, is a material constant and I, is the first invariant.
Combing eqn (11), (24) and (26),

=g (G =3)

K,
Gl 2

Gl

(27)

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

de 0Oc¢  Oc oc oc
=0t x50

Tdr o T oy oz (28)

where x, y, z are the spatial coordinates; and v, vy, v, are the
corresponding velocity components.

Because the focus of our research is the progressive and slow
fracture of 2D porous structures, it was assumed v, & v, X v, & 0.
Therefore, eqn (28) can be simplified as:

¢ = de ¢ (29)
Tde T o
Furthermore, eqn (27) can be rewritten as:
K Oy 2(0—c)-[Ci(H =3)] ¢
Gioir V<7 Gl P (30)

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

oT
P gy~ kVPT =g (31)

T,
o 1 the rate of the tempera-

ture field, & is the thermal conductivity, ¢, is the specific heat, p
is the density, and g is the heat source.

Given the similarity of eqn (30) and (31), the phase field
model can be implemented via the heat transfer analogy by
letting the temperature variable T represent the phase field
variable c¢. Assuming k = 1, the equation for the heat source g
can be expressed as:

where T is the temperature field,

. ar s Oc )
q —pcpafv T:nEfv c
(32)
219G -3) ¢
G.l 2
where pc, is analogised as the fracture parameter 1, n = Gl 7
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4.2.2 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 model was degraded in UHYPER
using eqn (11). A local history variable field H introduced by
Miehe et al. (2010)*° 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:*°

H = max ((p,:ﬂ>

33
pel0,1] ( )

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

_2(1—0) c

=761 T E (4)
,_%a _0q_ (1 2H
=T = e (12+Gcl) (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 necessary to
define the thermal conductivity (k), density (p), and specific
heat (c,) 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
Cj, the critical energy release rate G. and the 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 tempera-
ture field was created inside the FE model with magnitude = 0,
and the results of the nodal solution temperature (NT11) were
plotted to visualise the phase field solution (Element with NT11
> 1 was deleted).”"*>

4.3 Material parameters acquisition and model calibration

4.3.1 Single-edge notched tension (SENT) tests. Obtaining
precise material properties of mussel plaque soft cores is
challenging due to current limitations in technical and experi-
mental methodologies. As the focus of this paper is to under-
stand 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 photopolymerisation.®?

Single-edge notched tension (SENT) tests®* with different
notch lengths were carried out to obtain the material para-
meters of TangoBlack Plus FLX980, including the material
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Fig. 4 Schematic drawings of (a) the SENT test samples and (b) the
porous samples for tensile testing.

constant C,, critical energy release rate G., and length scale
l. 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 (2) ranging from 0 mm to 4 mm (Fig. 4a).>**° The
sample size was designed based on the rubber fracture experi-
ments conducted by Rivlin and Thomas (1953)*° and Roucou
et al. (2019).>* Samples were 3D printed using TangoBlack Plus
FLX980. SENT tests were displacement-controlled with a fixed
strain rate of 100% strain per 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 cam-
era, equipped with an imaging lens (focal length of 100 mm),
was employed to monitor specimen deformation.’*™® The
CMOS camera was configured at a frame rate of 10 fps and a
special resolution of 9.6 pixels per mm.

C; and G, were determined by analysing the nominal stress-
strain curves obtained from SENT tests. C; 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:**3°

G = 24K())W(1)

Ge = G(22) (36)
where G is the strain energy rate, « is the initial notch length, A
is the stretch value, W(/) is the material strain energy density
under uniaxial tension, A. is the critical stretch value obtained
when the applied load abruptly drops to zero in the SENT test,
and K(4) is a function of the stretch value A that can be defined
as ref. 34:

(37)

Sl
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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 (I). The simulation was carried out
using the rate-independent phase field method outlined in
Section 4, selected specifically for its suitability in modelling
the slow fracture process (x; =~ 0).

4.3.2 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 (Fig. 4b). The uniaxial tensile tests were con-
ducted at a fixed strain rate of 100% strain per 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 5. Other material parameters, including the material
constant (C;), critical energy release rate (G.) and length scale (I)
were consistent with those calculated in Section 4.3.1.

4.3.3 Calibration results for the phase field modelling
methods. The numerical and experimental stress-strain curves
corresponding to the SENT tests are shown in Fig. 5. It can be
observed that the experimental curves exhibited a high degree
of similarity before the samples failed. This allows for the
determination of the material constant C,, which was found
to be 0.09 MPa based on the experimental data prior to failure.
Additionally, the critical strain energy release rate G. was
calculated to be 0.27 N mm ™" using eqn (36) and (37). Subse-
quently, 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 experi-
mental and simulated results agreed well for all different notch
length tests (Fig. 5).

In addition, three porous samples with the same scaled
distribution parameters and porosity (Fig. 6) were 3D printed to
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Fig. 5 The numerical and experimental stress—strain curves for samples
with different notch lengths during SENT tests.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

validate the rate-dependent phase field model and to calibrate
the fracture parameter #. The results showed that when # = 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 (Fig. 6). The material parameters
for TangoBlack Plus FLX980 used in the phase field based
numerical simulations are summarised in Table 2.

5 The failure mechanism analysis of
generated RVEs

5.1 The effect of large-scale pore distribution on mechanical
behaviour

The normalised mean (&) and standard deviation (3) 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, Fig. 7 presents the
simulation results for 400 generated RVEs based on Section 3,
showing the difference between the initial and final failure
strain (Ae¢), final failure strain (gg), strength (6may), and strain
energy density (¢) as functions of the normalised mean (i) and
standard deviation (35). The range of g (0.025-0.038) and 3
(0.007-0.015) of the RVE results shown in Fig. 7 closely mirrors
the range of [, and 5, observed in the SEM images (Fig. 1e, 2
and Fig. S1, S2 in the ESIY), 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 g and 3
(Fig. 7):*°

é =ayt+ a1ﬁ + a2§ (38)

where 6 represents the predicted value from the linear regres-
sion, and ay, a4, a, are the regression coefficients.

The coefficient of determination R* was calculated to mea-
sure how well the regression model predicts the real data points
(Fig. 7):*°

> (0~ 1)
R=1-= (39)
3 (0~ a)?

where o; is the ith observed value (i.e., Ag, &t, Omax, 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.*" 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 Fig. 7.

The results of the linear regression, as shown in Fig. 7,
demonstrate that the overall effects of the normalised standard
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Table 2 Material parameters for TangoBlack Plus FLX980

Material parameters Values
k 1

C, (MPa) 0.09
G. (Nmm™1) 0.27

[ (mm) 1

n 0.4

deviation (3) on Ag, &g, 0max, and ¢ were statistically insignif-
icant for the 400 samples. Conversely, the regression analysis
indicates that an increase in the normalised mean radius (f1)
led to an overall decreasing trend in strength (omax), Strain
energy density (¢), and final failure strain (), respectively
(Fig. 8b-d). While a different overall trend was observed for
Ae: as [i increased, the value of A¢ exhibited a slight increase
(Fig. 8a).

It is important to note that linear regression analysis only
illustrates the overall trend of the effect of the normalised mean
() and standard deviation (5) on macroscopic material proper-
ties and cannot capture the high dispersion of the results (Fig. 7
and 8). It can be seen from Fig. 8 that the same i can always
return scattered Ag, &g, Gmax, OF @ values. This may suggest that
while the normalised mean value (@) 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 factor. Other factors, such as the interactions
between pores or the multi-scale structure, could also play an
important role.

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, Fig. 9 shows the macroscopic stress-strain curve
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B

f) fracture paths for three porous samples in tension

and crack propagation of Sample A, which had the highest
values of Ae, &y, 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 Fig. 9.
It is noted that samples A, B and C have nearly identical
normalised standard deviation (35) and mean (&) values, with a
difference of only +0.001.

Two different failure modes were identified from the stress-
strain curves of the samples: progressive failure and sudden
failure (Fig. 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 (Fig. 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 Cs strength (Fig. 9A).
Interestingly, the strength of these samples decreased with
increasing A¢ (Fig. 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 Fig. 9B to further investigate their failure mechanisms. It can
be seen from Fig. 9B that although the normalised standard
deviation (35) and mean (i) of Samples A, B and C are nearly
identical, their underlying failure mechanisms are distinct. The
damage observed in Sample A was initiated at three distinct
locations: large pores or closely spaced pores aligned perpendi-
cular to the tensile direction (Fig. 9B). The scattered locations
of the initial damage caused a diffused crack pattern with an
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 tensile direction
(Fig. 9B), rapidly forming a complete fracture path, ie.,
a concentrated crack pattern. Although another damage was

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 The RVE simulation and 3D linear regression results between the normalised mean value standard i, normalised deviation value 5 of the large-
scale pore radius and (a) As with a coefficient of determination (R?) value of 0.08, (b) final failure strain (ex) with a R value of 0.12, (c) strength (max) 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.

also observed during the failure process, it played a minor role
as the initial damage was the primary cause of the failure
(Fig. 9B).

Sample B exhibited a fracture path similar to Sample C
(Fig. 9B). However, unlike the rapidly developing failure observed
in Sample C, the failure in Sample B was more progressive
(Fig. 9A). It might be because 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
blunted cracking to be insufficient to prevent rapid crack growth
and stress concentration. In addition to the distribution of large-
scale pores, the interactions among pores might also influence the
failure mechanisms of the RVEs.

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 (Fig. 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 porous RVEs based on the three samples
selected in Section 5.2 were regenerated and analysed to under-
stand the effect of the multi-scale porous structure on the
failure mechanism (Fig. 10).

This journal is © The Royal Society of Chemistry 2024

A comparison of the fracture paths shown in Fig. 9B and 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 Fig. 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 (Fig. 10A).
To understand this mechanism, numerical simulations of solid
RVE and small-scale porous RVE with 5% porosity were con-
ducted. These simulations demonstrate that even a small
increase in porosity can lead to a substantial decrease in
material stiffness due to microstructural changes (Fig. S8 in
the ESIt). The reduction in stiffness, however, enhanced the
final failure strain of the multi-scale porous RVEs (Fig. 10A).
Specifically, the final failure strains of the three multi-scale
porous samples increased by 40% (Sample A), 50% (Sample B),
and 60% (Sample C), respectively, compared to the single-scale
samples (Fig. 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
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reduction in stiffness. This may suggest that the multi-scale
porous structure of mussel plaques might improve the deform-
ability by reducing their stiffness, but this could also result in a
reduction in strength.

6 Discussion

Researchers have consistently focused on understanding the
structural and chemical compositions of mussel plaques and
their impact on adhesion.”®"*** Previous study has suggested that
the pore arrangement within the plaque core might influence the
adhesion ability."® 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 consid-
erable deformation before detachment, underscoring their high
deformability (Fig. 1c).>"” 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.”® They found that plates with larger voids
near the attached interface display higher stress heterogene-
ities, 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."

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 mechan-
ical behaviour of single-scale porous RVEs, including final
failure strain, strength, 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, final failure strain, 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 (5) of the pore radius had an insignificant effect on
these properties. Additionally, it was found that the same
normalised mean value (fi) or normalized standard deviation
value (5) can always return highly scattered macroscopic
material property values. This indicates that the values of [
and § can not solely determine the mechanical behaviour
of single-scale porous RVEs. Other factors, such as the
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interactions between pores and the hierarchical structure,
could also play an important role.

Regarding the interactions between pores, our FE simula-
tion results suggest 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 propagation and resulted in a sudden failure mode.
The observed findings highlight the crucial role played by pore
interactions in influencing mechanical behaviours.

Another factor, ie. 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, however, the hierarchical structure can 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 distri-
bution and hierarchical 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 pathways to develop highly deformable materials with
high toughness. Our research shows that altering the pore
distribution or introducing the hierarchical structure might
be another potential pathway to design materials with com-
bined strong properties.*?

However, several limitations remain. For instance, the por-
ous RVEs serve as an approximation rather than an exact
replication of the porous structure of mussel plaques for the
qualitative analysis in this research. In simplified SEM images
of large-scale pores (Fig. 2), the exclusion of overlapping,
damaged or incomplete pores at the boundaries may lead to
discrepancies between measured and true porosity. Future
studies could focus on analysing RVEs that accurately replicate
the porous structure of the mussel plaque core for quantitative
analysis.*** Extending the simplified two-dimensional struc-
tural analysis to a three-dimensional framework represents
another significant future research direction.*® It should be
noted that the sectioning, fixing, and dehydration processes
could potentially alter pore size. The embedding medium used
for frozen plaques may expand at low temperatures, enlarging
the pore size. Sectioning can introduce mechanical loads that
may close the pores in the loading direction. Additionally,
dehydration can cause warping in plaque samples. Therefore,
future studies are recommended to characterize the 3D micro-
structures in mussel plaques using non-destructive methods,
such as Nano-CT and confocal laser scanning. Once the accu-
rate 3D structure of mussel plaque is obtained, a comprehen-
sive analysis comparing the mussel plaque pore distribution
with other potential distributions could be conducted in the
future. Additionally, understanding the scalability of the por-
ous structure is also the focus of future research.
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7 Conclusions

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 pm to 3 pm.
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 influ-
ence the final failure strain, strength, and strain energy density
of the porous RVEs. Statistically, increasing the normalised
mean value (i) 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 standard deviation
value (5) 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.

3. 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 diffused 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 indicates
that mussels may enhance the deformability of their plaques by
sacrificing the plaques strength to form the porous plaque core.

4. 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. Compared to the single-scale porous
RVEs, the multi-scale porous 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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