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Quantifying the response of marine mussel plaque
attachment to wet surfaces remains a significant
challenge to a mechanistic understanding of plaque
adhesion. Here, we develop a novel, customized
microscope system, combined with two-dimensional
in situ digital image correlation (DIC), to quantify
the in-plane deformation of a deformable substrate
that interacts with a mussel plaque under directional
tension. By examining the strain field within the
substrate, we acquired an understanding of the
mechanism by which in-plane traction forces are
transmitted from the mussel plaque to the underlying
substrate. Finite-element (FE) models were developed
to assist in the interpretation of the experimental
measurement. Our study revealed a synergistic effect
of pulling angle and substrate stiffness on plaque
detachment, with mussel plaques anchoring to a ‘stiff’
substrate at small pulling angles, i.e. natural anchoring
angles, having mechanical advantages with higher
load-bearing capacity and less plaque deformation.
We identify two distinct failure modes, i.e. shear-
traction-governed failure (STGF) and normal-traction-
governed failure (NTGF). It was found that increasing
the stiffness of the substrate or reducing the pulling
angle results in a change of the failure mode from
NTGF to STGF. Our findings offer new insights
into the mechanistic understanding of mussel plaque—
substrate interaction, providing a plaque-inspired
strategy to develop high-performance and artificial
wet adhesion.
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1. Introduction

Underwater adhesion is a common phenomenon in aquatic organisms, allowing them to
survive in harsh natural environments [1-4]. It can be achieved through different mechanisms
that operate on the macro- or micro-/nano-scale, including suction [5-7], capillarity [8-12],
interlocking [13-18] and protein-based chemical bonds. The adhesive mechanism that involves
chemical bonds, particularly in marine mussels, has recently received considerable attention
[19-22]. The thread—plaque system of marine mussels represents a remarkable design in nature.
This system serves to anchor marine mussels to diverse wet surfaces, including salt-encrusted
and corroded rock surfaces (figure 1a) that are relatively stiff [23,24], as well as the skin of
marine organisms that are relatively soft [25]. A radially distributed thread—plaque system can
provide a strong anchorage up to 10 times the self-weight of mussels (figure 1b), enabling
mussels to survive the hydrodynamic forces exerted by tidal currents or the force of predators
hoping to dislodge them for a meal.

In addition to the interaction of protein-based chemistry at adhesion sites [22,26,27], recent
research progress has indicated that the unique adhesive structure of a mussel plaque plays a
crucial role in achieving strong wet adhesion [28-30]. A typical adhesive structure of a mussel
plaque consists of an outer, dense protective cuticle layer [31,32], collagen fibre bundles [33]
and a low-density, porous plaque core [29,34], as shown in figure 1c. The plaque core exhibits
a porous structure consisting of a disordered, foamy network of pores at length scales ranging
from the nanoscale (90-120 nm) to the microscale (1.5-2.5 um) (figure 1f), which is reminiscent
of cellular solids [35-37] or truss lattices [38-43]. The cuticle layer is approximately 4 pm in
thickness (figure 1g), and is covered by granules at the length scale of 0.5 pm (figure 1d).
Granule hydrations preserve moisture and flexibility for the cuticle layer, maintaining high
energy absorption under external loads during low tide [44]. The cuticle layer and the plaque
core work cooperatively to achieve strong load-bearing capacity under dynamic [30,45] and
static loads [45,46].

Our scanning electron microscope (SEM) investigation has revealed a distinct pore densifi-
cation near the interface between the plaque core and the underlying substrate (figure lef),
which has not yet been reported in previous studies [29,34,47]. The presence of this pore
arrangement may be related to the load distribution at the interface between the plaque and
the underlying substrate. Understanding the deformation patterns of deformable substrates can
offer fundamental insight into how traction forces are transmitted from mussel plaque to the
underlying substrate, as well as the failure mechanisms at the adhesive interface.

To strengthen the understanding of mussel plaque detachment, the following research gaps
identified in recent studies need to be addressed. Previous research has identified factors
that affect plaque detachment, including pulling angles [30,48], substrate surface conditions
[49-51], strain rates [52] and loading cycles [52-54] through experimental studies. However,
these experimental studies were carried out primarily in moist or dry environments [30,48,53],
which could not fully capture the responses and failure mechanisms of plaque detachment
that occur underwater. In addition, studies on the mechanosensing mechanism of mussel feet
found that mussels prefer stiff or hydrophilic surfaces for anchoring [50,55]. However, the
mechanical benefits of anchoring to these substrates remain unclear. Furthermore, inspired by
the porous core of marine mussels, a semi-analytical approach combined with finite-element
(FE) simulation has been successfully applied to study the effects of pore arrangement on
detachment behaviour [56]. It was found that void size, gradation or volume fraction can
be used to manipulate maximum pulling force, elongation at failure and energy dissipation
of detachment. However, the full-field deformation imposed on the substrate by the porous
structure needs further investigation.

To date, no experimental evidence has been reported on traction force distributions at mussel
plaque—substrate interfaces. The direct measurement of the traction forces at interfaces with
rigid substrates still presents a significant challenge. Nonetheless, measuring the deformation
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Figure 1. The unique adhesive structure of a mussel plaque. (a) A plaque—thread system of a marine mussel (from a blue
mussel). (b) The plaque—thread systems are capable of supporting a rock weighing 248 g, which is approximately 6—10 times
heavier than the mussel itself. (c) Schematic of the cross-section of a mussel plaque showing the internal structure, with the
inset showing the top view of a real mussel plaque and the dashed line showing the direction of the section. (d) Micrograph
of distal thread surface covered by protective granular composite structure. () Micrograph showing pore densification in the
vicinity of plaque and substrate interface. (f) Overview of the hierarchical adhesive microstructure of mussel plaque. (g) The
cross-section shows the thickness of the cuticle layer, approximately 4 pm.

pattern on a flexible substrate can offer insights into how traction forces are transmitted from a
plaque to the underlying surface. This article aims to achieve three objectives: first, we develop
a novel microscope platform, incorporating high-resolution in situ digital image correlation
(DIC), to measure the deformation of flexible substrates. Second, full-scale FE models are
developed and validated by DIC measurements to provide interpretation for the quasi-static
responses at plaque-substrate interaction. Third, we explore the failure mechanisms at the
plaque—substrate interface, which reveals the mechanical advantages of anchoring to ’stiff’
substrates at a smaller pulling angle in nature.

2. Methods

(a) Mussel sample preparation

Blue mussels (Mytilus edulis) were collected from the Hunstanton mussel farm (52.94°N, 0.49°E)
in England (electronic supplementary material, figure Sla [57]) and kept in an insulated cooler

with natural seawater (temperature = 7°C, salinity = 33 ppt) during the shipment. Before placing
mussel samples in to the aquarium, the salinity tester was calibrated with a standard 35 ppt
calibration sachet, and then the salinity and temperature of artificial seawater were checked
by a Hanna HI-98319 tester. These mussels were further placed in a laboratory aquarium
(600 x 1200 x 600 mm) filled with continuously circulated seawater (electronic supplementary
material, figure S1b [57]). Sea salt (Tropic Marin Pro-Reef Sea Salt, UK) was dissolved in fresh
water to simulate natural seawater conditions (salinity = 33 ppt and pH = 8). The pH of artificial
seawater was measured by pH test strips (Simplex Health™). An aquarium chiller was used

to maintain seawater temperatures ranging from 5 to 7°C, and an aeration system was used to
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supply adequate oxygen to the artificial seawater. A daily partial water change was implemen-
ted, replacing 10% of the total water volume to maintain water quality. Shellfish Diet 1800 (Reed
Mariculture, USA), a mixture of marine microalgaes, was used to feed the mussels daily. To
eliminate the variation between plaques, mussel samples of identical size were fastened with
substrates (electronic supplementary material, figure S1c [57]) to allow plaque deposition for 48
h. The plaque-thread systems of mussels used for the SEM analysis and mechanical tests were
carefully cut from the same mussel.

(b SEM

To prepare cryo-sections for SEM imaging, polydimethylsiloxane (PDMS) substrates with
deposited plaques were carefully peeled from polymethyl methacrylate (PMMA) base
(electronic supplementary material, figure S1d [57]), and then fixed in a solution of 3.7%
formaldehyde and 2.5% glutaraldehyde for approximately 4 h. Subsequently, they were placed

in Milli-Q water for 3 days at 0-5°C. These samples were quickly frozen in the embedding
medium (Thermo Scientific OCT) at —~40°C using Leica cryostat (CM3050S) and then sliced into

thick cryosections (40 pum) at a cryochamber temperature of —20°C to prevent them from curling
and warping during subsequent sample drying. Cryo-sections were further rinsed three times
in Milli-Q water to remove the cryoprotectant. An incremental solvent exchange method was
used from Milli-Q water to ethanol to hexamethyldisilazane (HMDS) to prevent samples from
rapidly becoming stiff and brittle during the freeze-drying process [29,58,59]. The mass ratio of
ethanol in water/ethanol exchange was altered from 0 to 100% in increments of 25%, and then
the mass ratio of HMDS in ethanol/HMDS exchange underwent an increase from 0 to 100% in
increments of 33%. Finally, SEM samples were sputter coated with 10 nm thick iridium layers
for 2 min and imaged in JEOL 7000 SEM using an accelerating voltage of 5 kV.

(c) Substrate fabrication

PDMS was used to fabricate transparent substrates that allow plaque-imposed deformation
measurable with the aid of microparticles. Dow Corning Sylgard 184 silicone elastomer (10:1
wt.% for base and curing agent) and Sylgard 527 silicone gel (1:1 wt.% for parts A and B)
were mixed with different mass ratios to tune Young’s modulus from 0.57 +0.01 to 1.68 +0.05
(electronic supplementary material, table S1 [57]). The mechanical properties of different PDMS
formulations (electronic supplementary material, figure S2b—e [57]) were characterized using
standard tensile specimens according to ASTM D412 [60] (electronic supplementary material,
figure S2a [57]). Once the stiffness of different PDMS formulations was determined, four-layer
substrates (figure 2a) were built layer upon layer using spin coating with different combinations
of spin speed and duration (electronic supplementary material, table S2 [57]). PMMA plates
with a dimension of 60 x 60 x 2 mm were used as the base for the PDMS coating. The PDMS
layers were coated twice to achieve a thickness of approximately 200 um. This thickness ensures
that the mechanical property of PDMS is thickness independent (electronic supplementary
material, figure S2f [57]), and the substrate deformation is measurable and comparable [61].
Microparticles were mixed with PDMS to create a monolayer of randomly distributed particles
for deformation tracking. Black liquid silicone pigment (Easycomposites, UK) was added into
the fourth layer of the PDMS at a mass ratio of 1%, which reduces the reflective lights from
the plaque and enhances the imaging contrast of microparticles. Both the particle layer and
the pigment layer were spin coated with an ultra-thin thickness of approximately 15 um using
the same PDMS formulation as the PDMS layer. This thickness approached the manufacturing
limits of the spin coating (Laurell WS-650-23B).

To investigate the effects of substrate stiffness on plaque detachment, PDMS is an ideal
candidate material that can tune the stiffness while maintaining a consistent roughness
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Figure 2. Experimental approaches for the characterization of plaque/substrate interaction. (a) Fabrication of four-layer
PDMS substrates for mussel plaque deposition. (b) The schematic of the customized microscope system used in the
directional tensile tests. (c) The schematic of a mussel thread—plaque system in undeformed and deformed states.

and hydrophilicity. Since surface hydrophilicity and roughness play a significant role in
wet adhesion [62], these factors were assessed by water contact angle (WCA) and atomic
force microscope (AFM), respectively. Representative WCAs and surface topographies show
insignificant differences between different PDMS substrates (electronic supplementary material,
figure S3c and d [57]). Thus, it can be confirmed that plaque detachment behaviours are not
affected by surface hydrophilicity and roughness.

(d) Mechanical tests

A customized microscope system was designed to characterize the surface tractions of plaque
attachment, failure modes of plaque detachment (figure 20 and electronic supplementary
material, figure S4a and b [57]) and deformations of substrates. To measure the mechanical
responses under wet conditions, the test samples were fully immersed in seawater during
the experiment, as shown schematically in figure 2b. Directional tensile loads, with respect to
the substrate from 15 to 90° at increments of 15°, were applied to the mussel threads via a
linear actuator (Thomson MLA11A05), at a loading speed of 50 um/s. This loading speed was
sufficiently slow to measure the quasi-static responses of the plaque-thread systems as the
measured responses were not sensitive to further reduction of the loading speed. A high-reso-
lution load cell (Honeywell Model 34 with a precision of 0.01 N) was attached between the
rigid clamp and linear actuator to measure the load response during the tests. Displacement
and force data were recorded by a custom-written program using an Arduino Nano board.
Randomly distributed microparticles provided a strong reflection under the illumination of a
LED light (Edmund Optics, 530 nm). The 12 x zoom imaging systems equipped with two CCD
cameras (Pixelink PL-D USB 3.0 CMOS) were used to capture deformations of plaques and
substrates. In the tests, the CCD camera was configured to match the loading speed at a frame
rate of 50 fps .

Throughout the article, the global coordinates x, y, z are defined as follows: the x-axis is
aligned with the projection of the thread on the substrate; the z-axis is perpendicular to the
substrate, and the y-axis is determined by the right-hand rule. Under a directional tensile load
Fy(Fo = Fgn), the average surface traction (T) and its shear (T;) and normal (T,) components can
be defined as

F,
T=;§n=Tﬂx+ﬂ¢m (2.1)

1 FyCosb
n=ZLmA=6A ) 2.2)
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where n and Fy denote the direction vector and magnitude of the tensile force applied to the
free end of the mussel thread (figure 2b), respectively; e, and e, are the unit vectors in the x-
and z-directions, respectively; t; and t,, are the normal (z-direction) and tangential (x-direction)
components of the local surface traction, respectively; 0 is the pulling angle defined as an angle
from the projection of the thread on the substrate to the thread in the clockwise direction (figure
2b); A is the area of the projection of a mussel plaque on the underlying substrate, defined as the
area enclosed by the red dashed curve in figure 3e. The total tensile strain of a thread—plaque
system &¢(¢; = ¢n), the strain of the plaque in the system ¢p(g, = ¢,n) and the strain of the thread
in the system g4(gq = £4n) can be defined as

AL ALg+AL,
&= L[ - Ld +Lp 7 (2.4)
AL
&= L_pp, (2.5)
AL
&= L—dd, (2.6)

where L, Ly and L, represent the original lengths of thread—plaque system, the thread and
the plaque under undeformed configuration, respectively (figure 2c), with L, = Ly + L,. Deltas
ALg and AL, denote the elongations of the thread and the plaque, respectively. In the tests,
the total elongation AL, was measured directly from the linear actuator, AL; was measured
optically from the CCD camera (electronic supplementary material, figure S4b [57]) and AL,
was determined by AL, = AL, - AL,. Since plaque-thread systems vary in initial geometries that
may cause considerable variation in AL, tensile strains determined by equations (2.4)—(2.6)
allow the deformation comparable in different plaque-thread systems.

(e) Two-dimensional in situ DIC

Two-dimensional in situ DIC measurement was implemented in DICe software [63], and
microparticles (ZnS:Cu) [64,65], as tracking features for full-field displacement measurements,
were randomly distributed in PDMS (electronic supplementary material, figure S3a [57]). Other
microparticles can also be applied to DIC measurement as long as they meet imaging criteria
of high image contrast, high particle randomness, suitable particle size (3-5 pixels) and particle
density (25-50%) [66-68]. The particle size followed a normal distribution in all substrates,
and the radius of the particle (mean + s.d.) was between 10.26 + 5.32 um and 10.80 * 5.36
pum (electronic supplementary material, figure S3b [57]). The microparticle pattern was imaged
using the microscope system at a spatial resolution of 362 pixels/mm, resulting in a minimum
resolvable displacement and principal strain of 3 u and 0.001, respectively. The region of
interest in DIC measurement was 600 x 600 pixels, and the step size was configured as 32
pixels. The subset image was set as 32 x 32 pixels to include approximately 6-9 particles, which
ensures the optimal particle density of approximately 25-50% for the DIC measurement [69-72].

(f) FE simulations

Full-scale, three-dimensional FE simulations were conducted using the commercially available
FE solver ABAQUS/Explicit. Each FE model contained five components, a thread, a cuticle
layer, a plaque core, a cohesive interface and a substrate, as shown in figure 3c,f. Directional
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Figure 3. The FE model for the plaque—thread system. (a) The cross-section of mussel thread. (b) and (c) The side view of a
real plaque—thread system and FE model, respectively. (d) Porous microstructures in mussel plaque core. (e) The projection
of a real mussel plague on a substrate. (f) Top view of the FE model. (g) Pore size distribution of mussel plaque core. (h)
Determination of thread and plaque core properties for FE simulation.

tensile loads were applied to the end of the mussel thread using displacement control, as
shown in figure 3b,c. The dimensions of the FE models were chosen in accordance with those
of the real mussel plaques (e.g. figure 3b,¢): the thread is approximately 100 um in diameter;
the mussel plaque, a core-shell structure, covered by a 4 pm thick cuticle layer (as measured
in figure 1g), is 120 um in height. The thread and plaque core were modelled with 4-node
three-dimensional tetrahedral elements, i.e. the C3D4 elements in ABAQUS notation, and the
cuticle layer was modelled with 6-node three-dimensional wedge elements (C3D6 elements).
Quantifying the complete tensile stress—strain relationship of the cuticle layer from experiments
is inherently challenging owing to two main reasons: separating the cuticle layer from the
porous core and conducting micro-level tensile tests on the cuticle layer in wet conditions.
Therefore, the reasonable assumption should be made to simulate the mechanical behaviour of
the plaque-thread system. The SEM images suggest that both the thread and the cuticle layer
possess a similarly dense, solid microstructure (figures 32 and 1g). They were assumed to have
similar mechanical behaviour and were, therefore, modelled using an identical material model.
A uniaxial tensile test was conducted to determine the mechanical behaviour of a single thread,
in which the strain was defined by equation (2.6). The experimental result of a single thread
tension was fitted into the three-term Ogden model [73]

!
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where 1 are distortional principal stretches which can be calculated from principal stretches

(4) by Ae=T132, N is the order of the strain energy potential (N =3), k is the index of
summation (k =1, 2,3), J is the elastic volume strain, J = 114,43 and u; and «ay are the material
constants. As shown in figure 3/;, the mechanical response of the mussel thread can be captured
by Ogden’s model using the material data listed in table 1.

The plaque cores exhibit porous structures with porosity in the range 37.4-60.2% [29,34,74].
The mechanical property of the plaque cores was estimated based on the FE simulations on
the two-dimensional representative volume element (RVE) under the uniaxial tension with
periodic boundary conditions [75]. The RVE was created by mimicking the pore distribution
within the plaque cores using the approach described by [76]. SEM images such as figure
3d were used to measure the pore distributions. To consider pore variations between and
within the plaques, SEM images were obtained from three distinct mussel plaques (electronic
supplementary material, figure 510 [57]) and three slices of a single mussel plaque (electronic
supplementary material, figure S11 [57]). By taking the average of these six SEM images, the
pores in the mussel plaque achieved the best fit using a log-normal distribution with a mean

of the logarithmic value of the radius (4) of 0.48 um and a s.d. of the logarithmic value of the

radius (é\ ) of 0.35 pm (figure 3g). The parent material of the RVE was assumed to be identical
to that of the cuticle layer. Figure 3h shows the predicted mechanical behaviour which is fitted
by Ogden’s model (equation (2.7)) using the material data listed in table 1. Numerical tests
suggested that the predictions obtained by three-dimensional RVEs did not show significant
differences from those obtained by two-dimensional RVEs.

The PDMS substrate, with dimensions of 3.2 x2.7x0.2 mm, was modelled with 8-node
three-dimensional brick elements with a reduced integration scheme (C3D8R elements). Both
the numerical and experimental measurements suggested that the tensile loads were insuffi-
cient to trigger nonlinear substrate responses. Therefore, the substrates were modelled as linear
elastic materials using a Young’s modulus of E = 1.68 MPa for stiff PDMS and E = 0.56 MPa for
‘soft’ PDMS (electronic supplementary material, figures S2b,e [57]) and a Poisson’s ratio of 0.49
[77].

The mussel foot proteins (mfps) between the plaque and the substrate, an ultra-thin adhesive
layer of less than 15 nm [78], were modelled with 6-node three-dimensional cohesive elements
(COH3D6 elements). Let t,, and ts5 denote the z-direction normal and y-direction tangential
components of the local surface traction, respectively, and J,, §; and J; are the normal and shear
separations corresponding to tractions. The adhesive behaviour of mfps was defined by the
following traction versus separation relation [79]

_[a- D)k,6,, ford,>0

" kS, otherwise’ (2.8)
ty=(1-D)kS;, (2.9)
t,= (1- D)k, (2.10)

where kj, ks and k; are the normal and shear stiffness, respectively, and the damage variable
D € [0,1] has the initial value of 0. For compression, i.e. §, <0, the damage variable does not
affect the cohesive relation. The onset of damage was assumed when the following quadratic
interaction criterion reached a value of unity

2
lf_n +|£
tn

ts

2 ¢ 2
+ |_f] =1, (2.11)

£
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where t;, tg and t{ denote the maximum traction when the separation is either purely normal or
pure shear, respectively. To define the damage evolution of the cohesive layer, a linear softening
law based on fracture energy was used. We define an effective separation by

8o =\[(8) +82+62 . (2.12)

The work conjugated effective traction to this effective separation can be defined as

to= A\t + 12+ 12 . (2.13)

The damage variable D is then defined in terms of the fracture energy G, as

(o0 - a0)
D= ___ <1 (2.14)
max ZGC ’
56 : 0 _53)

e

where ;™ is the maximum value of §, attained during the loading history while % and 58 are

the values of effective traction at the initiation of damage.
The material parameters that define the interface model are the maximum tractions t;,, t{ and

tf; the stiffnesses ky, ks and ky; and fracture energy G.. It was found that soft substrate weak-
ens mussel wet adhesion through mechanosensing [50,55,80]. Therefore, two sets of interface
properties were used to simulate plaques anchoring to the stiff and the soft PDMS substrates,
respectively, as listed in table 1. The maximum tractions (¢, t; and ¢7) and the stiffnesses (k;,
ks and k;) were estimated by calibrating the FE predicted traction T—total strain ¢ responses
against their experimental results (figure 44,b).

Numerical experiments were conducted to ensure that the outcomes of the numerical
simulations were independent of the mesh density in the FE simulations. Thus, the thread,
cuticle layer, plaque core, cohesive interface and substrate for each FE model were meshed
using global sizing control with an approximate global mesh size of 50 um. To ensure the
simulations captured the quasi-static responses of the system, the loading rate was controlled to
ensure that the kinetic energy of the system was within 5% of the total energy.

3. Results

(a) Responses of a thread—plaque system under directional tensions

In a natural environment, the mussel thread—plaque system and the underlying substrate often
maintain an angle of < 45° [22,81]; however, the pulling angles may exceed this range (i.e.
0 = 0-90°) under the conditions of strong tidal waves. Therefore, directional tensions were
conducted at the pulling angles selected from 0 to 90° to examine the mechanical behaviours
of the plaque detachment. In the tests, the thread of all samples was cut in a unified length
of approximately 6 mm, which is approximately 50 times larger than the plaque height of 120
pum. This thread length to plaque height ratio ensured that the measured mechanical responses
could represent the detachment behaviour of a real mussel thread—plaque system. Figure 4a,b
shows the representative traction T - total strain ¢, responses of mussel plaque detached from
stiff and soft PDMS substrates, respectively. For both cases, the value of ¢ at failure decreases
as the pulling angle increases. At a smaller pulling angle (e.g. 0 = 15°), the mechanical response
of a plaque attachment can be characterized by four regimes: linear elastic, plateau, hardening
and failure. However, as the pulling angle increases, a plaque may fail before reaching the
hardening regime.
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Figure 4. Mechanical responses of a mussel thread—plaque system under directional tension. (a) and (b) Representative
surface traction (T)—total strain (&) curves of plaque detachment from stiff and soft PDMS substrates, respectively. (¢)—(e)
The average maximum traction (), shear (T,q,) and normal traction (7,4, as a function of pulling angle, respectively.
(f) The frequency of STGF and NTGF) in response to different combinations of pulling angle and substrate stiffness. (g)
Statistical analysis for substrate stiffness and pulling angles. P-values < 0.05 were considered statistically significant (*P <
0.05, **P < 0.01 and ***P < 0.001). Note: the data are means =+ s.d. (n = 5 for each pulling angle) and individual surface

traction (7)—total strain (&) curves are given in electronic supplementary material, figures S5-59 [571.

To investigate the effects of substrate stiffness and pulling angle on mechanical responses,
the average maximum traction T« = max{T} as a function of the pulling angle 6 was plotted
in figure 4c. It was found that T,,,, decreases with an increase in the pulling angle for a given
substrate stiffness. This finding was reminiscent of peeling behaviours of adhesive films or
hydrogels in previous studies, which investigated the effects of pulling angles on the peeling
force [82-84]. Consistent with the observations of existing research [48], under the identical
substrate stiffness condition, the value of T, decreases as the pulling angle increases; the
stiffness of the substrate has a significant effect on the value of T, at a smaller pulling angle,
say 6 = 15°, i.e. the value of T,,,, increases with the stiffness of the substrate. However, the effect
of substrate stiffness diminishes as the pulling angle increases; the effect of substrate stiffness
becomes insignificant at 8 = 90°. To examine the failure mechanisms, the maximum shear and
normal components, Tyq, = max{T,} and Tyq, = max{T,}, of the surface traction T as a function
of the pulling angle 0 are shown in figure 4d,e, respectively. The maximum shear component
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Timax is sensitive to the pulling angle; the values at 6>45° are < 50% of that at 6=15". As

the plaque detachment was primarily caused by the normal component T, at 6 = 90°, one can
estimate the strength of the adhesion under normal surface traction based on the response at

0 =90° (figure 4e). In contrast, the maximum normal traction T, is less sensitive to the pulling
angle; the values at 6 > 45° remain approximately similar to the adhesion strength. These results
suggest that (i) plaques fail in NTGF mode when the pulling angles are greater than 45°,

whereas they are more prone to fail in the STGF mode when pulling angles are less than 45°; (ii)
NTGEF is less sensitive to substrate stiffness compared to STGF; (iii) STGF is caused by higher
surface traction compared to that causing NTGF; and (iv) plaques that failed in the STGF mode
have higher load bearing capacity than those that failed with NTGF mode.

To question if the pulling angle is the primary factor that determined the failure mode,
a series of experimental measurements were conducted. Figure 4f shows the frequency of
different failure modes that occurred on different substrates. When the pulling angle exceeded

45°, all mussel plaques failed in the NTGF mode regardless of substrate stiffness. The high
level of determinacy observed may suggest that the pulling angle was the main contributing

factor in this condition. However, when the pulling angle was less than 45°, which was closer
to the natural loading scenarios, the frequency of the STGF mode increased from 0.4 to 1 as
the substrate stiffness increased to 1.68 MPa. This observed uncertainty may indicate that the
failure mode may also be influenced by the stiffness of the substrate under smaller pulling
angles. The statistical significance of the substrate stiffness and the pulling angle was confirmed
by a two-way ANOVA test using the Tukey mean comparison method. Figure 4¢ shows that

substrate stiffness was statistically significant to T, under small pulling angle (<45°) but
statistically insignificant under large pulling angle (> 45°). This finding suggested a synergistic

effect of the pulling angle and substrate stiffness on T,,4, under a small pulling angle (< 45°).

(b) Responses of a mussel plaque under directional tensions

The two distinct failure modes, i.e. NTGF and STGF, are associated with two different types
of deformation patterns of mussel plaques. Figure 51,0 shows the FE predicted and measured
functional relations between applied surface traction T and the plaque strain ¢, for selected
loading directions for the mussel plaques detached from the stiff and the soft PDMS substrates,
respectively. The FE predictions agree well with the experimental measurement. The failure
mode for each scenario has been highlighted in these figures, which suggests that, for both
failure modes, the surface traction T increased monotonically with plaque strain until the final
catastrophic failure occurred. FE predictions and experimental measurements suggest that (i)
the plaque detached with the STGF mode exhibited a much smaller value of plaque strain ¢,
at failure than those detached with the NTGF mode (figure 5a); (ii) an increase in substrate
stiffness from 0.57 to 1.68 MPa resulted in a moderate reduction in plaque strain at failure
(figure 5a,b); and (iii) plaque strain ¢, at failure increased as the pulling angle increased (figure
5c) while the total strain (¢;) experienced an opposite trend (figure 44,b). The plaque strain under

45° tension is in the range of 1.2-1.6, which is consistent with previous strain measurements
(1.3-2.2) [48].

To further reveal the deformation mechanism, figure 5f,¢ shows montages of the selected
bottom views and side views during the loading history of plaques that failed with STGF
(i.e. 6 = 15°) and NTGF modes (i.e. 0 = 45°), respectively, as indicated in figure 5a. To aid
in the interpretation of the results, the figures also include schematic side views depicting
the debonding processes. In the STGF mode, the mussel plaque exhibited a sudden and
catastrophic manner: no interfacial damage was observed until immediate before failure (Point
IV). However, in the NTGF mode, the plaque failed in a progressive manner: debonding
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evolution of STGF and NTGF from | to V of (a,b) respectively.

was initiated underneath the location of the thread (Point II) and propagated rapidly until it
was fully deboned from the substrate (Point V). It is noted that, although the NTGF mode
exhibits a progressive failure mode at the interface, there is an increase in surface traction T
over the entire process of debonding (Points I-IV), as shown in figure 54,b. This is distinct
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from conventional engineering systems, which typically exhibit a noticeable and progressive
reduction in load-bearing capacity as they undergo progressive failure.

(c) In situ DIC measurement on plaque and substrate interactions

The deformation patterns exhibited by a deformable substrate under a plaque-substrate
interaction event can provide clues on how the traction forces are transmitted from a plaque
to the underlying substrate, which can further strengthen our understanding of the interaction
event. We used two-dimensional in situ DIC to measure the in-plane maximum and minimum
principal strains, g, and &y, on the top surface of the stiff and soft substrates during
directional tensile tests. To ensure that the mfps at the interfaces were fully developed, the
plaques were brought into contact with the underlying substrates for a period of 48 h prior to
tensile tests; FE predictions were also conducted for interpretation and comparison purposes. In
accordance with the convention of principal strain [85], a positive value was defined as tension,
while a negative value was defined as compression. The arrows in the distribution of g, and
€min denoted the orientation of the principal planes.

Figure 6 shows montages at selected loading stages, showing the side view of plaque
deformation, in-plane principal strains and FE predicted damage variable at the interface
(cohesive element) for the plaque that was detached from the stiff substrate under 15° tension
and failed under the STGF mode. In situ DIC and FE simulation show that the vicinity directly
beneath the intersection of the thread and plaque, i.e. the rear portion, experienced compres-
sion in both in-plane principal directions. Moving away from the rear portion towards the
front portion, the maximum principal strain €, of the underlying substrate gradually shifted
from compression to tension (figure 6b), while the minimum principal strain ¢,,;, remained
in compression (figure 6¢). The highest tensile strain was observed around the front and side

boundaries of the mussel plaque, with principal angles varying from -43.94 to 44.14° with
respect to the outward normal of the plaque boundary (figure 6b). The FE predictions show
a reasonable agreement with the in situ DIC measurements. Consistent with experimental
observation (figure 5f), FE predictions demonstrated that no significant debonding occurred
within the interaction prior to failure, and the interface failed suddenly and catastrophically
(figure 6d). During the loading process, the mussel plaque experienced insignificant deforma-
tion (figure 6a), and the geometrical sizes and positions of the compression and tension zones
(figure 6b,c) remained approximately constant owing to the lack of debonding at the interface.

The plaques detached from the soft substrate under 15° tension failed under the NTGF mode
(figure 52). During the loading process, the mussel plaque exhibited a noticeable deformation,
as shown at point IV of figure 7a. In comparison to the stiff substrate, a lower traction (7))

induced by a 15° tension resulted in a relatively larger deformation on the soft substrate.
Maximum and minimum strains (€., and &;,) from I to IV were within the range of -0.073 to
0.111 and -0.116 to 0, respectively. This can be primarily attributed to the lower stiffness of the
underlying substrate. Again, the highest in-plane tensile strain in the substrate was observed
around the front and side boundaries of the mussel plaque (figure 7b), and the substrate
around the rear portion experienced compression in both in-plane principal directions (figure
7b,c). The interfaces failed in a progressive failure mode, with debonding starting from the
rear portion and gradually spreading towards the front portion (figure 7d). As a result, the
geometric sizes and positions of the compression and tension zones constantly change, with
the compression zone expanding and shifting towards the front boundary (figure 7b). Plaques

under 45° tension, detached from both the soft and stiff substrates, exhibit a similar deformation
pattern, as shown in the electronic supplementary material, figures S13 and S14 [57]. Consistent
with prior works that detached plaques from glass substrates [48,53], the tensile load carried
by the plaque-thread system increased monotonically regardless of the occurrence of NTGF
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Figure 6. Mussel plaque and substrate interaction on ‘hard’ substrate under 15° tension. () The side view of mussel plaque
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of &0 and &y 0N ‘hard’ substrate, respectively. (d) The evolution of FE predicted cohesive failure on ‘hard’ substrate. Note
that there is no debonding failure at the interface, and the scalar damage variables are below the threshold of element
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(figure 4b). This phenomenon could be attributed to the remarkable ability of deformation
redistribution in mussel plaques, progressively increasing and shifting the high in-plane &4
zone towards the front boundary in response to the reduction in adhesion area caused by
debonding.

The deformation pattern of the stiff substrate caused by the 90° tension is distinct from
those caused by 15° or 45° tensions, as shown in figure 8b,c. The interfaces failed in a progres-
sive failure mode, with debonding starting from the centre of the rear portion and gradually
extending towards the outer edge of the rear portion (figure 8d). Both the FE simulation and
the in situ DIC measurement showed a ring pattern in the distribution of ¢4, with compression
in the interior and tension in the exterior. The scaling varies between —0.024 and 0.017 from
region I to IV (see figure 8b). Additionally, the distribution of &,;,, ranging between -0.027 and 0
from I to IV, exhibits a circle pattern with high in-plane compression in the centre that decreases
radially (figure 8c). Debonding rapidly developed from III to IV, which caused a reduction of
strain intensity at the compression zone (figure 8d). The mussel plaque deforms significantly
owing to the presence of debonding (figure 8a). The substrate around the rear portion is the
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only area where the in-plane principal strains were detected. The absence of in-plane principal
strains in the front portion may suggest that the front portion did not contribute to the in-plane

loading bearing. The deformation pattern of the soft substrate under 90° tension is similar to
that of the stiff substrate (electronic supplementary material, figure S15 [57]).

4. Discussion

The distinctive adhesive structure of mussel plaques plays a vital role in facilitating robust
adhesion on wet substrates, which allows marine mussels to endure the significant forces
generated by turbulent tidal currents and predator attacks. In this study, directional tension
experiments were performed to investigate the responses of isolated mussel plaques when
subjected to selected pulling angles and substrate stiffness. We used a specially designed
microscope system integrated with two-dimensional in situ DIC to measure the in-plane
deformation of a deformable substrate when it interacted with a mussel plaque while being
subjected to directional tension. To replicate real working conditions, directional tension
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Note that stiff substrates are used here to compare FE simulation and in situ DIC measurement. The deformation pattern on
the soft PDMS substrate was given in electronic supplementary material, figure 515 [57].

experiments were conducted under wet conditions, i.e. both the plaque and the substrate were
fully immersed in seawater during experiments. This contrasts with previous experiments on
directional tension, which were predominantly carried out in either moist or dry environments
[30,48,53]. In line with previous studies [28,48], NTGF was identified as a common mode of
failure observed when mussel plaques were removed from the substrates at pulling angles

greater than 45°. Interestingly, a novel mode of failure, namely, STGF, was discovered when

mussel plaques were detached from stiff substrates at a lower pulling angle (e.g. 15°), closely
aligned with the natural angle of the plaque. Our study found that the plaque-thread system
failed in the STGF mode exhibits higher surface traction (figure 4c) and less plaque deformation
than the NTGF mode (figure 5a—), which demonstrates the mechanical advantages of anchor-
ing to stiff substrates at a smaller pulling angle. Furthermore, the STGF mode demonstrates
an abrupt and catastrophic failure mode, whereas the NTGF mode exhibits a gradual and
progressive failure mode. Significantly, the findings of this study differ from previous research,
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as no experimental evidence of interior and exterior cohesive failures was observed in mussel
plaques [48]. These discrepancies may be attributed to variations in mussel species (M. edulis or
Muytilus californianus), testing environments (water immersed, moist or dry), substrate condi-
tions (surface functional groups, roughness and hydrophilicity). Furthermore, the previous
investigation reported that pulling angles are the primary factor affecting the failure modes of
plaque detachment [48]; however, the present study emphasizes the significance of substrate
stiffness and reveals a synergistic effect of the pulling angle and substrate stiffness on plaque
detachment.

The two-dimensional in situ DIC measurements revealed the detailed in-plane deformation
pattern of the underlying deformable substrate, which could provide insight into how in-plane
traction forces were transmitted from the mussel plaque to the underlying substrate. The
experimental measurements were compared with the numerical results obtained by full-scale,
detailed FE simulations, which showed good correlations. Our results suggested that (i) plaque
contraction caused by directional tension could introduce in-plane tension and compression in
the substrate around the front and rear portion of the plaque, respectively; (ii) prior to failure,
interfacial damage/debonding was observed around the compression zone in the case of the
NTGF mode, which caused a reduction in strain intensity in the compression zone. On the other
hand, no interfacial damage/debonding was detected for the STGF mode; and (iii) when the

pulling angle reaches 90°, a notable shift occurs in the tension zone towards the rear section of
the plaque. This shift was manifest as a distinctive ‘ring’ pattern characterized by compression
in the interior and tension in the exterior. This observation suggested that the front portion of
the plaque does not contribute significantly to bearing the in-plane loading. It is important to
note that obvious strain concentrations were found near plaque edges in the FE simulations.
This discrepancy was mainly caused by minor geometry variations between the FE models
and the real plaques. In the FE model, the boundary of mussel plaques was clearly defined
(electronic supplementary material, figure S16a [57]), which causes a sudden change in stiffness
from plaque to substrate. Conversely, real mussel plaques exhibited a blurred boundary along
the edges (electronic supplementary material, figure S16b [57]), resulting in a gradual transition
in stiffness from plaque to substrate. To address this discrepancy, a potential solution is the
reconstruction of the FE model using computed tomography (CT) scan data derived from a real
mussel plaque. Consistent with previous works on the debonding gecko- and mussel-inspired
structures [86-88], the scalloped edges of the adhesive structure were critical to managing strain
concentrations. Our experimental measurements further confirmed that a blurred and scalloped
edge of the mussel plaque performs better than clear edges in reducing strain concentration by
inducing a larger deformed area on the substrate.

Further studies should focus on the advancement of the current FE model and experimental
methods. First, in the present study, the mechanical properties of the cohesive layer were
determined by calibrating the FE simulated traction-strain curves with DIC measurements.
In reality, these adhesive properties (table 1) may not be unique or evenly distributed at the
plaque/substrate interface, as they could potentially be influenced by protein concentration,
maturity and distribution. Thus, further study could focus on establishing the correlations
between protein conditions and adhesive properties using AFM. Second, although equivalent
solids can accurately capture the global responses of the porous core under tension, this
approach cannot model the deformation of pore walls and the interaction between coarse and
fine pores. Therefore, future FE simulation is recommended to construct a real porous structure
based on nano-CT scanning or confocal laser scanning. Third, since substrate deformations are
thickness dependent, future investigations are recommended to quantify the effects of substrate
thickness on displacement and strain intensities at plaque/substrate interface. Furthermore, the
proposed microscope system successfully captured the average traction and two-dimensional
deformation at the substrates. This system could be further extended to achieve three-dimen-
sional full-field traction force measurement and study plaque/substrate interaction events.
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The insights obtained from the interaction between the plaque and the substrate offer
valuable mechanical and structural knowledge, opening up various new avenues for research.
Specifically, this study provides inspiration for developing general strategies or design
principles for interfacial adhesive structures that can effectively join materials with distinct
stiffness. Additionally, our study sheds light on the potential development of wet adhesives for
biomedical applications, including internal wound-healing patches and adhesive coatings for
medical implants.
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