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Abstract

Natural materials and structures have evolved over millions of years to perform very complex
and specific biomechanical functions, and as a result can provide insight into optimal designs
for particular properties. Mussel byssal threads, the attachment appendage of aquatic mus-
sels, are one example of such structures. These threads protrude from the mussel, connecting
the mussel to rocks and other hard surfaces, providing a strong and resilient, yet dissipa-
tive attachment (so that the mussel can remain attached to the rocks without being dashed
against them during violent wave periods). The threads themselves are graded, with both
the geometry (cross-section) and the mechanical properties transitioning from the proximal
(proximal to the mussel) thread section, which is compliant and highly dissipative, to the
distal thread section, which is stiff (relative to the proximal section) and less dissipative
at low strains, but more dissipative at high strains. The goal of this thesis is to develop
an understanding of the mechanical properties of the individual thread sections during the
large stretches seen during its function, as well as to develop a microstructurally-informed
constitutive model that captures the microstructural evolution of these materials with load-
ing (an evolution that is dominated by protein unfolding). These material models will then
be incorporated into three dimensional finite element model of the thread, in order to gain
insight into the design of graded structures. The constitutive model developed and outlined
herein provides a method for modeling protein unfolding caused by mechanical loading, and
captures the major characteristics of the mechanical behavior of these threads. The 3-D
finite element model presented and discussed provides insight into design parameters for
building graded structures.

Thesis Supervisor: Mary C. Boyce
Title: Gail E. Kendall Professor of Mechanical Engineering
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Load-unload-reload for proximal thread section. Experimental results are shown with a
solid line, while model results are shown with a dashed line. The model fails to capture the
residual strain in the material and the increased stiffness during reloading (the reloading
curve for the model follows its own unloading curve exactly). . . . . . . . .. ... ..
Rheological representation of the material constitutive model with the additional viscoelas-
tic element (dashpot) in the Neo-Hookean matrix. As before the stresses in each leg of the
model sum to give the total stress, while the deformation gradient is the same for each leg
of the model. In the matrix, the deformation gradient is now multiplicatively decomposed
into an elastic and viscous portion. . . . . . . .. ... L.
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Experimental and model (with viscoelastic matrix) results for load-unload of proximal
thread section. The model predicts some residual strain for all strain levels, though the
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both cases the relative amount of matrix stress (compared to fiber network stress) is small.
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Overall stress and matrix stress for the distal (left) and proximal (right) models. Different
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the activation barrier Q. In the distal section (left), the solid lines correspond to a shear
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Work density vs. true strain for two cycle loading of the distal thread section (experimental
results are shown in filled symbols) and the model of the distal thread section (the model’s
predictions are shown in unfilled symbols). Circles correspond to the amount of work
dissipated during loading to the given strain in the first load cycle. Triangles correspond
to the amount of work stored during loading to the given strain in the first load cycle
(as calculated by measuring the unloading response). Squares correspond to the amount of
work dissipated during loading to the given strain in the second load cycle. Stars correspond
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Work density vs. true strain for two cycle loading of the proximal thread section (experi-
mental results are shown in filled symbols) and the model of the distal thread section (the
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spond to the amount of work stored during loading to the given strain in the second load

Stress-strain curves for simulations of load-unload-hold-reload of distal thread section loaded
at a nominal strain rate of 1s~!. The arrow shows the simulation’s prediction of the material
response with increasing hold time. The hold time shown here is 300s. . . . . . . . . .
Stress-strain curves for simulations of load-unload-hold-reload or proximal thread section
loaded at a nominal strain rate of 1s~!. The arrow shows the simulation’s prediction of the
material response with increasing hold time. The hold time here is 300s. . . . . . . . .
Stress-strain curves for monotonic loading of distal thread section at three nominal strain
rates (1s', 0.1s™1, and 0.01s™1). Experimental results are shown with solid lines; model

results are shown with dashed lines. . . . . . . . . . . ... .. ... .. ... ...
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1 Introduction

Materials from nature have evolved to meet the harsh loading demands encountered by their
host organisms resulting in microstructures designed to perform highly specific functions. A
natural material with remarkable mechanical properties is the attachment appendage of the
aquatic mussel known as the mussel byssal thread. Mussels have long been revered for their
remarkable ability to remain adhered to the rocks of their aquatic habitat, even in the face of
the large and repetitive forces produced by the pounding surf, for their remarkable strength,
and for their unmatched toughness; these golden fibers were even woven into highly valuable
‘sea silk’ in ancient cultures (Carrington 2008). With gentle waves, these threads provide an
elastic response, which allows the mussel to move freely with the waves. In more violent seas,
the threads load beyond their initial elastic response and yield, providing a highly dissipative
response, which simultaneously retains resiliency. This dissipation keeps the threads from
‘snapping’ back when the force is removed, allowing the mussels to return to their original
position gradually (Carrington, 2004). Without this property, the mussels would be dashed

against the rocks with each valley between wave crests.

1.1 Mussel Anatomy

The anatomy of the mussel is quite simple. A foot, which is used for mussel locomotion,
connects to the mussel stem (an organic tissue located at the base of the mussel shell).
Protruding from the stem are byssal threads - protein-rich fibers, which vary in diameter
from approximately 80um to 200pum. As can be seen in the schematic of Figure 1 these
threads protrude outward from the stem in all directions. The shortest threads (those located
at the center of the attachment) are rarely more than half a centimeter in length, while the
longest (those located at the outermost diameter of the circle) range upwards of 3em. At

the end of each thread is an adhesive plaque, which binds each thread to the rock surface.
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Figure 7: Single preCOL molecule. The interior collagen region is approximately 130 — 150nm in length,
with flanking regions approximately 75 — 85nm in length. The diameter of a single bundle is approximately
1.5nm. The different types of flanking regions are shown below in (i) and (ii). Taken from Waite [10]

the major load-bearing capabilities of the thread. Both are bent-core i.e. banana-shaped
structures and share similar collagen backbones, but they differ with respect to their ends;
the preCOL-D molecules are flanked with domains resembling silk, while the preCOL-P
molecules are flanked with elastin-like domains. In both cases the flanking domains fold
over onto themselves multiple times, increasing the overall stiffness of the domain, and
‘hiding’ their true length. During loading these folded domains unfold freeing up excess
stretchable length; this mechanism will be discussed in detail in following sections. The
other major difference between the preCOL-P and preCOL-D molecules is their location
within the thread. The density and distribution of these molecules vary down the length
of the thread, with the proximal section consisting primarily of preCOL-P, and the distal
section consisting primarily of preCOL-D (see Figure 8).

Each preCOL molecule binds with nearby molecules forming a protein bundle, consisting
of 7 individual molecules. These bundles form into one of two shapes, either a flower shape,

with the bent ends facing off at 360°, or a banana shape, with all the bent ends facing in
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force spectroscopy and optical tweezers have been used to stretch titin, the giant multi-
domain protein found in muscle [27]. This protein is similar in structure and composition to
the multi-domain preCOL’s found in mussel byssal threads, and so its mechanical behavior
is taken as a model for the mechanics of these preCOL’s.

The evolution of the protein’s structure during loading is shown in Figure 11. Initially
the protein is at rest in its bent configuration with flanking domains fully folded. As the
protein is loaded, the molecule stretches, with both the unfolded inner domain, and the
folded flanks stretching. Although the folded domains stretch, the load on the region is not
yet high enough to break the bonds holding the folds together. As the force increases, the
folded domains’ weakest bonds break, freeing up excess tension-free length. As this excess
length stretches, the force again increases until it is high enough to break the next weakest
bonds, and the process repeats until all the folded domains have unfolded. If loading is
continued beyond the point of complete unfolding, both the inner domain and flanks will
stretch until the load becomes High enough to break the molecule completely.

In the case of a single molecule, this unfolding phenomenon gives rise to a ‘sawtooth’
loading curve, with the force on the molecule dropping suddenly when a bond is broken (see
Figure 12 left). Because a slightly higher force is required to break each successive bond,
the peaks of the sawtooth curve increase with extension. This behavior is also highly rate
dependent, with the magnitude of the peak loads increasing with increased strain rate [24]
[19]. In the byssal threads these molecules do not exist as single entities, but rather bundle
into the banana-shaped 7-protein bundles, which form the linear arrays, and the protein
sheets (as discussed in the previous section). This grouping of proteins serves to smooth the

sawtooth loading curve into a more continuous loading curve (see Figure 12 right).
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constitutive model for the stress-strain behavior of these threads nor a model of the thread
itself has been developed. These models are important on several levels. A constitutive
model provides a method for modeling the unfolding and refolding of segmented proteins
(proteins with stiff regions and folded domains), and a method for modeling protein un-
folding and refolding in a network. A full thread model provides insight into how graded
structures (graded with respect to mechanical properties and physical geometry) share and
transmit load, particularly with respect to transitioning from adhering a relatively soft com-
pliant structure (the stem) to a stiff structure (the rock). The following thesis outlines the
development of a micro-structurally informed constitutive model for the mechanical behavior
of mussel byssal threads and applies that model to a full thread finite element model.

In order to have a consistent set of data with which to compare the results of the consti-
tutive model, a wide array of tension tests was conducted both on individual thread regions
(proximal and distal separately), and on the thread as a whole. These tests included mono-
tonic loading at different nominal strain rates and several different types of cyclic loading,
including multiple cycles to the same strain, cycles to increasing strain, and cycles to the
same strain with a hold time in between cycles. Video monitoring equipment was used dur-
ing testing to investigate the evolution of the thread macrostructure, and to ensure valid
results.

Two separate but related models were developed for the stress-strain behavior of the prox-
imal and distal thread sections. A detailed discussion of the process of model development is
provided, highlighting the inability of some commonly used models to accurately capture the
unfolding/refolding phenomenon in byssal threads. In both cases the experimental results
were used to validate the models.

These material models were implemented into a finite element model of the entire thread
(using ABAQUS), and simulations of loading the entire thread were conducted. The geome-

try of the model, as well as the material properties, were graded as in actual byssal threads.
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Again, experimental results from full-thread tests were used to validate these simulations.
In the sections to follow, the experimental results will be shown, the material model will
be outlined, and results both from the material model, and from the simulations will be

presented.
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2 Mechanical Testing

2.1 Mechanical Properties Background

The most basic properties of mussel byssal threads have been known since the 1970’s when
Smeathers and Vincent first began testing these threads [26]. This study highlighted many of
the mechanical properties of the threads (including ultimate strain, ultimate stress, Young’s
modulus, and break energy), as well as discussing the overall stress-strain behavior including
yield and hysteresis. Further, this study investigated the differences in properties and be-
havior between the different thread sections (here separated as corrugated section, smooth
section, and full thread), and the differences in properties between wet threads and dry
threads. Most notably, the strain to failure (mean value) was measured to be 1.22 in the
corrugated (proximal) region, 0.66 in the smooth (distal) region, and 0.44 for the full thread
1. These values were significantly lower for dry threads. The mean failure load and ulti-
mate tensile stress (of the full thread) were measured to be 0.25N and 21 M Pa respectively,
while the initial Young’s modulus and modulus after yield were measured to be 85M Pa and
32M Pa respectively. A smooth rollover-type ‘yield’ behavior was also noted (see Figure 13),
and the material was observed to undergo a hysteresis with cyclic softening (a more com-
pliant behavior upon reloading). Finally, this study noted that the material demonstrated
an ability to ‘recover’ i.e. if a specimen that had been used for cyclic test were allowed to
relax over several hours and then stretched again, the reloading curve would follow the initial
loading curve more closely than reloadings prior to the rest.

Although the work of Smeathers and Vincent demonstrated some of the remarkable

1This result seems counterintuitive. For a full thread consisting only of a proximal and distal thread
section, the full thread should (on average) fail at a strain intermediate to the failure strain of the proximal
and distal thread separately. There is no explanation for this phenomenon in the Smeathers and Vincent
paper. Most likely the threads are failing in a transition region between the proximal and distal thread
sections. This is discussed more fully later in this thesis, when the experimental results for full thread tests,
and the finite element simulations of full thread loading are shown.
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Figure 13: (left) Load-extension curve for full threads, wet and dry, showing moduli and yield point.
(right) Load-extension curves for cyclic loading tests on full threads, showing cylic softening. Single arrow
represents initial load/unload, while double arrow respresents reloading. Figures taken from the Smeathers
and Vincent study (1979).

mechanical properties of mussel byssal threads, these threads remained largely uninvestigated
for twenty years. The next major work in characterizing the mechanics of mussel threads
came from Bell (name changed to Carrington), beginning in 1995 and continuing to the
present [2], [20], [7], [6], [5]. This work investigated the stress-strain behavior of full threads,
and the individual thread sections, noting major differences between the proximal and distal
thread sections (Figure 14). Notably (as in the case of the Smeathers study) the proximal
region was found to exhibit a lower initial Young’s modulus, a lower ultimate stress, a higher
ultimate strain, and a less-pronounced ’yield’ relative to the distal region. This work also
quantified this data in the case of several different mussel species (M. Californianus, M.
Trossolus, M. Galloprovincialis, M. Modiolus, B Thermophilus, D. Polymorpha, G. Demissa,
and M. Edulis), demonstrating that Smeather’s and Vincent’s findings held true in every
case, though the actual values of ultimate stress, ultimate strain, etc. varied from species to
species.

In the case of full threads, Bell not only reproduced curves similar to those of Smeathers

and Vincent, but also used the load-displacement response of the individual thread regions
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Figure 14: Stress-strain curves for the proximal and distal thread regions of Mytilus Californianus, stretched
at an extension rate of 10 mm min~?! (left) (Taken from Bell and Gosline 1996). Stress-strain curves for full
threads of several different mussel species (right) (Taken from Brazee and Carrington 2006).

to predict the behavior of each section during full thread loading. Specifically, they broke
the full thread load-displacement curve into three distinct regions (Figure 15). They predict
that extension in the first phase of the force-displacement curve would be accommodated
by stretching primarily in the proximal region. The ‘yield’ in the the full thread curve
arises from the ‘yield’ in the distal thread section, with most of the stretching in this region
accommodated by the distal thread section. Finally, as the distal region stiffens, loading will
again be accommodated by the proximal thread region, until the ultimate tensile stress in
the proximal region is reached, at which time the thread fails.

Bell also looked at the hysteretic behavior of the material, the material’s ability to re-
cover, strain-rate dependence, and variation in the mechanical properties of the threads with
season. In terms of seasonal-strength dependence, Bell noted that spring threads are over
60% stronger and over 83% more extensible than summer, fall, or winter threads (Carring-
ton (Bell) 2004). In terms of hysteresis, Bell noted that in the distal thread section the
amount of hysteresis increased with the strain from which the specimen was unloaded. If the
specimen was unloaded prior to yield, the material behaved almost perfectly elastically, with

very little hysteresis. For specimens unloaded post-yield, dissipation increased with strain
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Figure 15: Load-displacement curve for a full thread, with the three individual loading regions marked
with lines (Left). The corresponding load-displacement curves for the distal and proximal thread sections
individually (Right). These curves were used to predict the behavior of each individual thread section during
full thread loading. Note that full thread failure occurs at the load corresponding to failure in the proximal
region. (Taken from Bell and Gosline 1996)

from approximately 25% of the total work for specimens unloaded immediately after yield to
over 70% for specimens unloaded just prior to failure (see Figure 16). Bell was also able to
repeat Smeathers’ recovery results, demonstrating that (in the distal thread region) having
a hold time between cycles increased the material’s stiffness during reloading. Further, Bell
showed that if the material is cycled twice (load/unload/reload/unload) then held at zero
strain for some non-zero amount of time, although the first load after the hold will be stiffer
than the previous reload, any additional cycles without a hold will follow the first reload (see
Figure 17). Finally, Bell noted that the material is highly strain-rate dependent, with stress
increasing with strain rate (see Figure 18).

A third research group (the Waite group, UCSB) has also investigated the mechanical
properties of mussel byssal threads, though their primary focus area is on the chemical com-
position of the threads. Aside from noting several of the properties discussed previously, and
doing a more in-depth study of the material’s recovery properties from a micro-scale/chemical

composition point of view, Waite also looked at the behavior of the material when cycled
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Figure 16: Cyclic loading (load/unload/reload) for distal thread section. For cycles prior to ’yield’ and
immediately post 'yield’, the material demonstrates very little hysteresis. Hysteresis increases significantly
for unloading from strains increasingly beyond initial yield. (Taken from Bell and Gosline 2004).

multiple times, to a slightly higher strain each time (See Figure 19) [10], [28]. He noted a
‘second yield’ for cycles beyond the material’s initial yield point i.e. if the material is loaded
to a strain beyond yield, then unloaded and reloaded, the material will not rejoin the initial
loading curve, but rather will exhibit a rollover-type ‘yield’ just prior to the maximum initial
strain. The stress in the material will then increase, but more slowly than originally, eventu-
ally achieving the maximum initial stress, but at a strain slightly higher than the maximum

initial strain.
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Figure 17: Recovery in distal thread section. Specimen was loaded, unloaded, reloaded, and unloaded
again. The specimen was then left at rest for 30 min, before cycled again. Note that the reloading path for
the first set of cycles and the reloading path for the second set of cycles follow the same curve. (Taken from
Bell and Gosline 2004).
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Figure 18: Strain rate dependence of distal thread section. Curves were for tests run at rates of 1000 mm

min~!, and 10 mm min~!. Both specimens were taken from the same thread of Mytilus Californianus.

(Taken from Bell and Gosline 2004).

2.2 Experimental Methods
2.2.1 Mussel Collection

As noted in the introduction, and in the previous section, there are many different species

of mussels; they live in oceans, rivers, and lakes throughout the world, in both fresh and salt
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Figure 19: Stress-strain curve for cyclic loading of distal thread region. For each cycle the strain is increased
slightly. (Taken from Harrington and Waite 2007).

water. The threads of many of these species have been studied, though the most commonly
studied threads come from Mytilus Californianus, the California Mussel, and Mytilus Edulis,
the Blue Mussel. This study looks exclusively at the threads of Mytilus Fdulis, as these
mussels are commonly found in the tidal zones near Boston, Massachusetts.

Mussels were collected at Georges Island in Boston Harbor, during the months of Septem-
ber - October, and were collected at Pigeon Cove in Gloucester, MA during the winter
months. For solitary mussels, the threads were detached at the plaque with tweezers, ensur-
ing that the threads were not stretched or damaged in the removal process. For bed mussels,
or mussels that were attached to multiple different surfaces, it was impossible to detach
individual fibers without damaging the stem, so threads were cut at the base of the stem.
This allowed comparison between threads grown in the ocean and threads grown in the tank
at MIT (the difference in mechanical properties between ‘ocean’ threads and ‘tank’ threads
was found to be negligible). Mussels were transported from Georges Island or Red Rock in

small coolers filled with ocean water, and were placed in the tank at MIT immediately upon

returning to the lab.
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measurements were taken using the optical microscope and scale on a Leintz micro-hardness
tester. The distal thread sections were roughly circular in diameter, with diameter ranging
from approximately 80um to 150um. The average distal diameter was approximately 120um.
The proximal thread sections were elliptical in cross section, with the minor axis of the ellipse
approximately equal to the diameter of the distal section i.e. approximately 120um in length.
The major axis of the ellipse ranged from approximately 160um to approximately 300um,

with an average length of approximately 240um.

2.2.3 Tensile Testing

Once the specimens had been prepared, a wide array of uniaxial tension tests, both monotonic
and cyclic, were conducted at constant nominal strain rates from 0.01/s to 1/s. All tests were
conducted on a BOSE EnduraTEC Electroforce 3200 (see Figure 22), and were monitored
during testing using a UNIMAC microscope (0.7X to 4.5X magnification) connected to a
Sony HDR-HC9 Camcorder (system supplied by Martin Microscope Company, and shown
in Figure 23).

This video system was used to monitor threads during tests, ensuring that tests in which
threads twisted or slipped out of the grips could be discounted (these issues were extremely
problematic prior to the utilization of imaging equipment). The tests were also videotaped
so that each test could be reviewed if the accompanying stress-strain curve yielded dubious
results. This allowed for the disproval of several outlying curves, which did not follow the
norms seen in the majority of tests. For example, some specimens (especially proximal spec-
imens) were prone to ‘soaking’ up the cyanocrylate glue. This stiffened the glue-saturated
region, effectively decreasing the gage length of the specimen. Recording also helped in

determining the macroscopic evolution of the specimens during testing.

51






2.3 Experimental Results and Discussion
2.3.1 Distal Behavior

Monotonic Loading Tension tests to high strain were performed on the distal thread
section at three nominal strain rates (1s7!, 0.1s™!, and 0.01s7!). The corresponding true
stress-true strain curves are shown in Figure 24, where the upper left plot shows the stress-
strain response for true strain less than 0.25, the upper right plot shows the stress-strain
response for true strain less than 0.5, and the lower plot shows the stress-strain response to
a true strain of 0.9. As can be seen, the stress-strain behavior of the distal thread section
is characterized by an initially stiff region, followed by a rollover-type ‘yield’ event and a
stress plateau. As strain increases, this plateau gives way to a region of significant strain
hardening.

The effect of strain rate on the material’s stress-strain behavior changes significantly
throughout loading. Prior to yield, the material response is primarily elastic (this is further
evidenced in the cyclic loading results), and independent of strain rate; the initial Young’s
modulus of the material is approximately 300M Pa. Conversely, the ‘yield’ event, and the
material’s post-‘yield’ response is highly rate-dependent, with the ‘yield stress’ and ‘yield
strain’ increasing with strain rate. Further, the material’s stress magnitude (at a given
strain value) increases with increasing strain rate, and the ‘flatness’ of the post-yield plateau
decreases with strain rate. For high strains (strains higher than approximately 0.7), the
stress-strain curves become parallel.

The curves shown in Figure 24 are ‘characteristic’ stress-strain curves. Because these
threads are natural materials, they exhibit much larger variance in their mechanical behavior
than synthetics. Figure 25 shows all statistically significant tests for monotonic loading of
the distal thread section at a nominal strain rate of 1s™!. As can be seen the variance in

stress (at a given strain) increases with strain, with a very small variance in the initial linear
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Figure 25: All statistically significant tests for monotonic loading of the distal thread section at a nominal
strain rate of 1s71.

deviation in the failure stress and failure load are both approximately 28% of the average.
In spite of this high variance in failure, the actual stress-strain curves overlap quite nicely,
as 18 curves are shown in Figure 25, all of which demonstrate a similar shape, similar yield
strain (approximately 0.2), similar yield stress (approximately 55 — 70M Pa), and similar

length of the post-‘yield’ stress plateau.

Cyclic Behavior Multiple cycle tests were performed at nominal strain rates of 1s~* and
0.01s~!. For these tests, specimens were loaded to three different strain levels (the first
in the initial elastic strain region, the second in the stress plateau region, and the third
in the post-plateau hardening region), then unloaded by returning to a strain of zero, and
then reloaded to the maximum strain, repeating this cycle three times. The corresponding
stress-strain plots are shown in Figure 26.

As can be seen, the material exhibits hysteresis throughout loading, with the amount

of hysteresis increasing significantly with strain. The material also demonstrates a small
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Figure 28: Work density vs. strain for the distal thread section in cyclic loading. Solid lines correspond
to the total amount of work applied in the first load cycle. Dashed lines correspond to the total amount of
work applied in the second load cycle. Circles correspond to the amount of work dissipated during loading
to the given strain in the first load cycle. Triangles correspond to the amount of work stored during loading
to the given strain in the first load cycle (as calculated by measuring the unloading response). Squares
correspond to the amount of work dissipated during loading to the given strain in the second load cycle.
Stars correspond to the amount of work stored during loading to the given strain in the second load cycle.

work density dissipated in the first cycle also increases non-linearly with strain in roughly
the same manner as observed for the total work density evolution. The stored work density
in both the first and second cycle appears to increase linearly (though, as can be seen in
Figure 30, the increase is actually slightly non-linear). This stored work density is roughly
equivalent in both the first and second load cycle, a result of the nearly overlapping stress-
strain behavior in unloading for all cycles. The work density dissipated in the second load
cycle increases in a similar manner to the work density stored in both cycles, and is lower in
magnitude than the work density stored in the second cycle. The relative amounts of stored
work and dissipated work are given in Table 2

A final type of cyclic test, where the maximum strain is increased for each cycle, was also

performed, and a characteristic stress-strain curve is shown in Figure 29 (note that the strain
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Strain Cycle 1 Cycle2
Total Dissipated | Stored Total Dissipated | Stored
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
0.17 | 4.55 2.21 (49) 2.34 (51) 3.1 1.00 (32) 2.10 (68)
0.33 || 14.5 9.20 (63) 5.31 (37) 7.76 3.08 (40) 4.69 (60)
0.64 | 45.61 35.0 (77) 10.6 (23) 16.84 7.71 (46) 9.14 (54)

Table 2: Values of stored and dissipated work at three different strain levels for two-cycle loading of the
distal thread section. The actual values of work density (total, stored, and dissipated) are given in the table,
with the percentage of the total that is stored and dissipated shown in parentheses.

rate for this test was 1s7!). Here the initial unloading is from a strain less than 0.1, well
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Fiigure 29: Stress-strain curve for cyclic loading of distal thread region. Here the specimen is loaded to a
certain strain value, then unloaded to a strain of zero, and reloaded to a higher strain, with the incremental
increase in strain being approximately 0.05. The plot on the left shows both unloading and reloading for
each cycle, while the plot on the right shows loading alone.
within the initial elastic region; very little hysteresis is seen at this strain level, and there
is no noticeable softening/Mullins Effect i.e. the reloading curve follows the initial loading
curve exactly. This test serves to better highlight how much the hysteresis and residual
strain increase with strain.

Figure 30 shows the amount of total work density applied to the material (in both the
first and second cycle), the amount of work density stored in the first cycle, and the amount

of work density dissipated in the first cycle for the increasing cyclic test shown in Figure 29.

As can be seen, the total amount of work density dissipated in the first cycle increases non-
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linearly throughout loading (as was already discussed with regards to Figure 28). Here, the
non-linearity of the stored work density vs. strain curve is more apparent. As can be seen,
the stored work density increases relatively quickly at low strain, then reaches a ‘plateau’
at a strain of approximately 0.25 (corresponding to the strain at which the stress plateau
begins). The amount of work stored then increases slowly until a strain of approximately 0.5,
at which point the stored work density begins to increase more rapidly with strain (again,
the end of the stored work density plateau corresponds to the end of the stress plateau). This
plateau is also present in the total work density applied in the second load cycle. Results for
stored work density and dissipated work density are not shown in this figure, because only
one cycle was conducted at each strain. However, the amount of stored work density in the
second cycle should be similar to the amount of stored work density in the first load cycle
(as was seen in Figure 28), and so it can be assumed that the amount of stored work density
would be non-linear, giving a more linear appearance to the work density dissipated in the

second cycle vs. strain curve.

Material Recovery A third subset of cyclic tests was performed, where the specimen
was loaded and unloaded, then held at zero strain for times ranging from 3 minutes to 40
minutes, then reloaded and again unloaded. Stress-strain curves for these tests at three
different strain levels (0.17, 0.28, and 0.37) are shown in Figure 31. As can be seen, the
amount of recovery and time constant for recovery are heavily dependent on strain. For low
strains i.e. strains in or near the initially elastic regime, full recovery happens extremely
quickly. In Figure 31, the upper left plot shows full recovery occurring in three minutes.
Although the actual time for full recovery is different for each thread, for strains in this
regime, full recovery almost always occurs between 3 and 5 minutes. The next figure (upper
right) shows cyclic loading to a strain of approximately 0.25 (a strain within the post-‘yield’

unfolding strain regime), with a hold time between cycles of 5 minutes and 25 minutes. For
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Figure 30: Work density vs. strain for the distal thread section, during cyclic loading in increasing strain
increments (stress-strain curve for this test is shown in Figure 29. The solid line corresponds to the work
density applied in the first load cycle (this curve is extrapolated from the broken curve of Figure 29 by
assuming a solid curve of the same shape). Circles correspond to the amount of work density dissipated
during loading to the given strain in the first load cycle. Triangles correspond to the amount of work density
stored during loading to the given strain in the first load cycle. Hexagrams correspond to the total work
density applied to the material in reloading to the given strain.

threads in this regime, full recovery takes significantly longer than in the low strain regime,
and does not occur in all cases. In general, for strains in the unfolding regime, the time
required for full recovery varies a great deal. The minimum observed full recovery time was
20 minutes, and some threads did not fully recover in 40 minutes. In all cases, the majority
of the recovery occurred in the first 5— 10 minutes of hold, as is shown in the upper right plot
of Figure 31. Finally, the bottom plot shows cyclic loading with hold from the post-unfolding
regime, where the material begins to harden. For threads loaded to this strain regime, full
recovery is not observed. Shown here are curves for reloading after a hold of 5 minutes and

20 minutes. Again the majority of the recovery occurs in the first 5 minutes. The curve
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Figure 33: All statistically significant specimens for monotonic loading of proximal thread sections at a

nominal strain rate of 1s~ 1.

Failure Stress (M Pa) Failure Load (N) Failure Strain
Mean | Standard Deviation | Mean | Standard Deviation | Mean | Standard Deviation
57.3 22.97 0.81 0.23 0.95 0.17

Table 3: Statistics of failure in the proximal thread section. The mean values and standard deviations of
the failure stress, failure load, and failure strain for the proximal thread section loaded at a nominal strain
rate of 1s~! are shown.

failure (though it occurs mainly at lower strain rates), namely that in some cases the core of
the thread will fail, while the cuticle remains intact. Figure 34 shows a stress-strain curve for
a test of the proximal thread section at a nominal strain rate of 0.1s~!, during which the core
fails at a strain of approximately 0.95, while the cuticle remains intact to a strain greater
than 1. This is evidenced in the stress-strain behavior by a small constant stress (usually a
stress less than 5M Pa), which extends beyond the sudden stress drop associated with core
failure. In this case the cuticle only remains intact for an additional strain of approximately
0.075, though in some cases the cuticle can achieve strains up to 1.5 times greater than the
maximum strain achieved by the core. This highly extensible character of the cuticle has

been investigated and outlined by several other researchers [14] [12] [13].
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Figure 36: Work density vs. strain for the proximal thread section in cyclic loading. Solid lines correspond
to the total work density applied in the first load cycle. Dashed lines correspond to the total work density
applied in the second load cycle. Circles correspond to the amount of work dissipated during loading to the
given strain in the first load cycle. Triangles correspond to the amount of work stored during loading to the
given strain in the first load cycle. Squares correspond to the amount of work dissipated during loading to
the given strain in the second load cycle. Stars correspond to the amount of work stored during loading to
the given strain in the second load cycle.

As can be seen, the total work density required to deform the material is highly non-
linear, and increases with strain for both the first and second load cycle. For the first load
cycle, this work density increases from zero strain, while in the second load cycle the work
density remains zero until reaching a non-zero strain (the residual strain). As in the distal
thread section, the residual strain increases with strain, as is evidenced by the increasing
non-linearity of the total work density curves (for the second load cycle). The work density
dissipated in the first load cycle is also highly non-linear and increases with strain in roughly
the same manner as observed for the total work density evolution. The stored work density
in both the first and second cycle increases linearly (this is more apparent in Figure 38).
Again, the stored work density is roughly equivalent in both the first and second load cycle,

because of the overlapping unloading curves. The work density dissipated in the second
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load cycle increases in a similar manner to the work density stored in both cycles, but is
greater in magnitude than the work stored in the second cycle for all strains, and is greater
in magnitude than the work stored in the first cycle for all but the highest strain (strain
of approximately 0.75). The relative amounts of stored work density and dissipated work

density are given in Table 4.

Strain Cycle 1 Cycle2
Total Dissipated | Stored Total Dissipated | Stored
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
0.16 | 0.48 0.27 (56) 0.21 (44) 0.39 0.19 (48) 0.20 (52)
04 | 3.04 2.11 (70) 0.92 (30) 1.82 1.00 (55) 0.82 (45)
0.57 | 6.88 5.50 (80) 1.38 (20) 2.83 1.60 (57) 1.23 (43)
0.75 || 13.76 11.8 (85) 2.00 (15) 3.36 1.64 (49) 1.72 (51)

Table 4: Values of stored and dissipated work at four different strain levels for two-cycle loading of the
proximal thread section. The actual values of work density (total, stored, and dissipated) are given in the
table, with the percentage of the total that is stored and dissipated shown in parentheses.

As in the case of the distal thread, cyclic tests where the maximum strain is increased for
each cycle were performed. A characteristic stress-strain curve is shown in Figure 37. Again,
this result serves to highlight the evolution of hysteresis and softening with strain, giving a
sense of these behaviors at smaller strain increments than in Figure 35. It also demonstrates
the full elasticity of the material at very small strains, as the initial cycle (below a true strain
of 0.1 shows no noticeable hysteresis).

Figure 38 shows the amount of total work density applied to the material (in both the first
and second cycle), the stored work density in the first cycle, and the dissipated work density
in the first cycle for the increasing cyclic test shown in Figure 37. As can be seen, the total
dissipated work density in the first cycle increases non-linearly throughout loading (as was
already discussed with regards to Figure 35). Here, however, the dramatic rate of increase of
the dissipated work density in the first cycle is more noticeable, as the dots corresponding to
dissipated work density fall only slightly below the total work density curve. Further, unlike

in the distal section, the stored work density in the first cycle and the total work density
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Figure 37: Stress-strain curve for cyclic loading of proximal thread region. Here the specimen is loaded to
a certain strain value, then unloaded to a strain of zero, and reloaded to a higher strain, with the incremental
increase in strain being approximately 0.05. The plot on the left shows both unloading and reloading for
each cycle, while the plot on the right shows loading alone.

in the second cycle are shown to increase linearly with respect to strain. Again, because of
the nature of this test, dissipated and stored work densities in a second load cycle cannot
be calculated. However, assuming that the stored work density in the second cycle would
be roughly equivalent to the stored work density in the first cycle (as it is in Figure 36),
the dissipated work density in the second cycle can be estimated to increase roughly linearly

with strain.

Material Recovery As in the case of the distal thread section, tests with hold times at
zero strain were performed. In this case hold times of 5 minutes and 20 minutes were applied.
Stress-strain curves for these tests at three different strain levels (approximately 0.3, 0.6, and
0.8) are shown in Figure 39. As in the distal section, the amount of recovery and the time
constant for recovery are heavily dependent on strain. For low strains i.e. strains below
and up to 0.3, the lowest value of strain, the material will fully recover given a long enough
hold time. The stiffness recovered in 5 minutes is shown; for a hold time of 20 minutes the
material recovers completely. For higher strains, recovery is much slower. At a strain of 0.6,

the material recovers some amount in 5 minutes and slightly more in 20 minutes.
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Figure 38: Work density vs. strain for the proximal thread section, during cyclic loading in increasing
strain increments (stress-strain curve for this test is shown in Figure 37. The solid line corresponds to the
work density applied in the first load cycle (this curve is extrapolated from the broken curve of Figure 37
by assuming a solid curve of the same shape). Circles correspond to the amount of work density dissipated
during loading to the given strain in the first load cycle. Triangles correspond to the amount of work density
- stored during loading to the given strain in the first load cycle. Hexagrams correspond to the total work
density applied to the material in reloading to the given strain.
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by both sections is similar, with the proximal section failing at a load of approximately 1.2N
and the distal section failing at a load of approximately 1.6N. Remember from the previous
discussion of the sections individually, that most specimens do not survive to these high
strains. Tables 1 and 3 give the average failure strains of the distal and proximal thread
sections to be 0.88 and 0.95 (true strain) respectively; these values correspond to nominal

strains of approximately 1.4 and 1.6 respectively.
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Figure 40: Load vs. nominal strain for proximal and distal thread sections. Vertical dashed lines show the
normal strain for failure in each section.

Figure 41 shows load-strain curves for multiple proximal and distal thread sections loaded
at a nominal strain rate of 1s~!. Since the cross-sectional area of these threads can vary to
such a high degree, the actual load carried in each thread section is highly variable. Thus,
although the proximal thread section may fail at a much lower stress than the distal section,
it is found to exhibit failure loads similar to those of the distal section.

The cyclic load-strain behavior of the two sections is shown in Figure 42. As can be seen,
the unloading load-strain curves are similar for both materials, with the distal unload curve

demonstrating a slightly steeper initial slope. The amount of residual strain in each section
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Figure 42: Load vs. nominal strain for proximal and distal thread sections in cyclic loading. Specimens
were loaded and unloaded four times, with zero hold time between cycles.

and 0.8mm2. Results of monotonic loading of the stem at a nominal strain rate of 1s~! are

shown in Figure 43.

1 . : . 60
10
9 50
) E 40
=~ 7 2
8 s &
d al o
S 20}
3r -
2 10
1
0 005 01 015 02 025 03 035 0 0.05 0.1 0.15 0.2 0.25 0.3

Nominal Strain True Strain

Figure 43: Load vs. nominal strain (left) and true stress vs. true strain (right) for the mussel stem. The
specimen was loaded until failure.

The stem has a small initially compliant toe region. At a low strain (approximately 0.07)
the stiffness increases rapidly, such that the stiffness of the stem in this strain regime is similar

in magnitude to the initial stiffness of the distal thread region. The stem then demonstrates
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a ‘rollover’ type yield, and a more compliant response post-‘yield’. The material fails at a
true strain of approximately 0.3, much less than either the distal or proximal thread region.

Figure 44 compares the load-strain and stress-strain behavior of the stem to load-strain
and stress-strain behavior of the distal thread region. Because the cross-sectional area of
the stem is so much larger, the stem is capable of withstanding a much greater load prior
to failure than the threads themselves. In Figure 44 (left), the load carried in the stem
is approximately 10N, while that carried in the distal thread section is less than 1N. In
general, the stem can carry between 8 and 15 times the load carried in the thread. Figure 44
(right) shows the stress-strain curves for the same two specimens. As can be seen, the stem
is initially much more compliant than the distal thread section, though the stiffness and the
‘yield’ phenomenon are similar for both materials. The distal thread section (as well as the

proximal thread section and the full thread) are far more extensible than the stem.
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Figure 44: Load vs. nominal strain (left) and true stress vs. true strain (right) for distal thread section
and stem. As can be seen the stem is initially much more compliant than the distal thread section, but the
stiffness of the two regions are similar, as is the yield behavior.

2.3.5 Full Thread Response

Full threads were also tested in monotonic and cyclic loading, with the corresponding load-
strain curves shown in Figures 45 and 47 respectively. The full thread specimens tested

were collected at a different time of year and a different location than the full threads from
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which the distal and proximal specimens were sectioned. As a result, the full threads are
stiffer than would be expected from investigating proximal and distal sections separately
(the seasonal variation in mussel thread strength has been investigated and is documented
- see [20]); this phenomenon will be discussed in greater detail below and in the simulations
section of this thesis. For full thread specimens, the ends of the specimens were glued directly
to cardstock and mounted in the grips of the testing apparatus (small specimen holders with
the 2mm gage length window were not used). Thus, the gage length of the specimens varied.
Shorter specimens were used so that high strains could be achieved. The average length of
full thread specimens was 18.03mm with a standard deviation 3.54mm; the average length
of the proximal section was 4.9mm with a standard deviation of 1.4mm; the average length
of the distal section was 9.9mm with a standard deviation of 1.8mm; the average length of

the transition section was 3.3mm with a standard deviation 0.8mm.

Monotonic loading behavior As can be seen in Figure 45, the mechanical behavior of
the full thread is characterized by an initial stiff region, followed by a gradual rollover-type
‘yield’. The material stress-strain response is more compliant post-‘yield’ with a nearly
constant tangent stiffness. The ‘yield’ in the full thread is similar to that seen in the distal
section, and is correlated to the distal yield. As the distal section ‘yields’, the full thread
becomes more compliant. However, the ‘yield’ in the full thread is not as sudden or as sharp
as the ‘yield’ in the distal thread section, because the stress is still increasing at the same
rate (with respect to strain) in the proximal thread section. Load-strain curves for the full
thread as well as the proximal and distal thread sections are shown in Figure 49, after which
the other load-strain features of each section are compared with the full thread.

The statistics of failure in the full thread were also tabulated and are given in Table
5 (the failure loads and failure strains for the proximal and distal thread sections are also

shown in this table). The average failure strain for the full thread is 0.36 with a standard
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Figure 45: Load vs. nominal strain for a full mussel byssal thread in monotonic loading at a nominal strain
rate of approximately 1s~!. Note that the load is different for every test, as the cross-sectional area of each
thread is different. The curve shown is a curve that falls near the center of the spectrum. Figure 46 below
shows all load-strain curves for full thread tests.

deviation of 0.12, while the average failure load is 0.86 /N with a standard deviation of 0.24N.
Thus, although the average failure strain of the full thread is much less than the average
failure strain of either the proximal or distal thread section, the average failure load of the
full thread is between the failure loads in the distal and proximal thread sections separately
(though closer to the average failure load in the proximal section). This result implies that
failure is occurring somewhere in the transition region, most likely close to the proximal

section. A comparison of the proximal, distal, and full thread failure statistics are given in

Table 7.
Failure Load (N) Failure Strain
Mean | Standard Deviation | Mean | Standard Deviation
0.86 0.24 0.36 0.12

Table 5: The statistics of failure for the full thread. The mean values and standard deviations of the failure
load and failure strain are shown (all values are for tests conducted at a nominal strain rate of 1s™1).
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Figure 48: Work vs. displacement curves for a full mussel byssal thread in cyclic loading at a nominal strain
rate of approximately 1s~1. Solid lines correspond to the total amount of work applied to the material in the
first load cycle. Dashed line correspond to the total amount of work applied to the material in the second
load cycle. Circles correspond to the amount of work dissipated in the first load cycle. Triangles correspond
to the total amount of work stored in the first load cycle. Squares correspond to the total amount of work
dissipated in the second load cycle. Stars correspond to the total amount of work stored in the second load

cycle.
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non-linearly slowing increase with displacement).

The disparity between stored and dissipated work is different in each cycle, but for both
cases increases with strain. At low strain, in both the first and second cycle this disparity is
quite small. At intermediate strain, in the first cycle, the amount of dissipated work begins
to heavily outweigh the amount of stored work, with the amount of dissipated work nearly
twice the amount of stored work. At intermediate strain in the second cycle, the amount of
stored work begins to outweigh the amount of dissipated work. Again, the disparity is not
large (stored work is only approximately 1.2 times greater than the amount of dissipated
work), but the disparity is certainly larger than at low strains. For high strains, the same
trends are observed, with the disparity between stored and dissipated work increasing. In
the first cycle, the amount of work dissipated is almost three times the amount of stored
work, while in the second cycle the amount of stored work is approximately 1.3 times greater

than the amount of dissipated work.

Displacement Cycle 1 Cycle2
Total (N- | Dissipated | Stored (N- | Total (N- | Dissipated | Stored (N-
mm) (N-mm) mm) mm) (N-mm) mm)
3.22 0.81 0.43 (53) |0.38 (47) | 0.60 0.23 (38) | 0.37 (62)
5.0 1.96 1.27 (65) | 0.69 (35) | L.13 0.50 (45) | 0.63 (55)
6.89 3.35 244 (73) 10091 (27) | 1.48 0.66 (44) | 0.82 (56)

Table 6: Values of total, stored, and dissipated work at three different displacement levels for two-cycle
loading of the full thread. The actual values of work (total, stored, and dissipated) are given in the table,
with the percentage of the total that is stored and dissipated shown in parentheses.

Comparison of load-strain behavior in proximal and distal sections and the full
thread Figure 49 shows several load-strain curves for the proximal thread section, the
distal thread section, and the full thread. The yield in the full thread is correlated with
the yield in the distal section (as discussed above), and the overall shape of the full thread
curve seems to correlate well with the curves of the individual sections i.e. the full thread is

initially stiff, as it primarily samples the stiffness of the proximal thread section, after yield
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strain of the full thread is much lower than the average failure strain of the proximal and
distal thread sections separately (again these values should not be compared directly, but
since a lower failure strain in the full thread relative to the failure strains in the individual
sections was described in the Smeathers and Vincent study, it can be assumed that the failure
strain would be lower in summer threads as well). Thus lower failure strain in the full thread
suggests a localized strain in either the proximal or distal section of the full thread, likely at

the transition, where the elevated local strain reaches the failure strain of the section.

Material Failure Load (N) Failure Strain
Mean | Standard Deviation | Mean | Standard Deviation
Summer Proximal Section 0.81 0.23 0.95 0.17
Summer Distal Section 1.51 0.43 0.88 0.16
Winter Full Thread 0.86 0.24 0.36 0.12
Approximated Summer Thread | 0.52 0.36

Table 7: Comparison of the statistics of failure for the summer proximal thread section, the summer distal
thread section, the winter full thread, and an approximation for a summer full thread. The mean values and
standard deviations of the failure load and failure strain are shown (all values are for tests conducted at a
nominal strain rate of 1s7!). The summer full thread’s failure load will likely be substantially lower (due to
the lower stiffness), while the failure strain will likely be the same.

As discussed in the introduction, the protein density in the proximal thread section is
much less than in the distal thread section. Thus, the protein density, as well as the cross-
section must transition in this region. Further, the mechanical properties of the protein
filaments must transition, with regards to fiber orientation, fiber stiffness, and the constants
of folding. Thus, we postulate that the area/density /mechanical properties of the transition
section are not as robust as in the proximal or distal section separately, and that failure

occurs in this region at a relatively low strain. The simulations, which will be discussed later

in this thesis, support this conclusion.

Strain in distal and proximal sections It is possible to monitor the strain in the
proximal and distal regions separately during loading. To do this, the specimen is marked

with black ink stripes, and the distance between stripes is measured during loading. This way,
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the strain in the proximal and distal sections can be monitored and plotted as discrete points
along with the overall strain (which is measured directly by the testing machine). Figure 51
plots the strains (proximal, distal, and overall) against time, and the strain in each section
against macroscopic strain. For this test, the thread used is fairly representative, in that the
proximal section is approximately % of the length of the distal section (here the proximal

section is 3.2mm, the transition is 6.6mm, and the transition section is 1.7mm).
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Figure 51: The strain in the proximal (squares) and distal (circles) thread sections as well as the overall
strain in the thread (dashed line) vs. time (left). Strain in the proximal (squares) and distal (circles) thread
sections vs. the overall strain in the thread (right). Data is taken from a monotonic loading test to failure.

As can be seen, initially the majority of the strain is accommodated by the strain in
the proximal thread section, as is hypothesized above. As loading increases, the distal
section increases in strain slowly, while the proximal strain increases rapidly. At an overall
thread nominal strain of approximately 0.2, the rate of increase of strain in the distal section
increases quickly, and the rate of increase of strain in the proximal section decreases quickly.
This change corresponds to the yield in the distal thread section. At yield, the distal section
becomes much more compliant than the proximal section, thus accommodating the majority
of the thread strain. Again, theoretically for continued loading, the distal thread section
would get past the ‘stress plateau’ in the stress-strain curve, and would stiffen, but all of the
specimens tested failed prior to this post-plateau hardening.

Although the interaction between the distal thread section and the plaque was not specif-
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ically investigated in this thesis (nor has it been discussed heavily), this result suggests that
the stress level the distal section transmits to the adhesive plaque is, at most, equal to the
stress plateau (~ 50M Pa). Essentially, this suggests that the unfolding event in the distal
thread section (which gives the stress plateau and rapid strain increase) limits the distributed

stress level transmitted to the plaque.

Section Pairing and Load Sharing There are two final observations that need to be
stated regarding the experimental results. First, it is apparent from Figure 49 that the
load-strain curves of the individual sections can be very different, in spite of the fact that
the stress-strain curves overlap (since stress is load divided by area). Further, since the
unfolding event in the distal thread section is a force-activated event, it is important that
the load in the thread reach a certain level to force the distal thread section to yield. If a
compliant proximal section is paired with a stiff distal section, the yield will never occur (or
occur at very high macroscopic strain). Conversely, if a compliant distal section is paired
with a stiff proximal section, the yield will occur at a low macroscopic strain. In the former
case, the full thread will exhibit the yield very late (at a high strain), while in the latter the
full thread will yield very early (at low strain). This could account for the larger variation
in yield strain seen in the full thread results (Figure 46) relative to the variation in yield
strain seen in the distal results. This ‘sectional pairing’ is also important from a structural
mechanics point of view, as it dictates the load-sharing capability of the threads.

The load-sharing capability, especially with regard to the yield, of the thread is itself
extremely important to the mussel’s ability to remain attached to the rocks of its habitat.
The yield in the full thread regulates the amount of stress that is transmitted both to the
stem and to the adhesive plaque. If the distal section does not yield (and consequently the
thread does not yield), the strain in the proximal thread section will continue to increase

linearly. Consequently, the stress will continue to increase, and the amount of stress applied
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to the stem may become too large, ripping the connective hoop. Conversely, if the distal
section yields too soon, it may prematurely pass through the stress-plateau region and stiffen.
Thus, the stress applied to the adhesive plaque may become too large, tearing the thread
at the plaque-thread interface. It is likely that the mussel compensates for this itself, only
pairing the ‘appropriate’ proximal and distal sections, but a more in-depth study of this
phenomenon would certainly provide valuable insight into the mechanics of load sharing in

these threads.

2.4 Summary of Mechanical Experimental Results

Several key features of the mechanical behavior of the mussel byssal apparatus (threads and

stem) have been highlighted in this section:

e The large deformation non-linear stress-strain (and/or load-strain) behavior of the
proximal and distal sections separately, of the full thread, and of the stem (Figures 24

32 45, 43).

— The distal thread section exhibits an initially stiff region, followed by a rollover-
type ‘yield’, followed by a post-‘yield’ stress plateau, and strain hardening at high
strains. The ‘yield’ occurs at a true strain of approximately 50M Pa (at a nominal
strain rate of 1s71. Failure occurs at an average true strain of 0.81 and an average

load of 1.51N.

— The proximal thread section exhibits an initially compliant toe region, followed
by a region of roughly constant tangent stiffness. Failure occurs at an average

true strain of 0.95 and an average load of 0.88V.

— The full thread exhibits a small initially compliant toe region, followed by a
relatively stiff region. A gradual rollover-type ‘yield’ event occurs at strains of

approximately 0.2, and the yield is followed by a more compliant region with
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roughly constant tangent stiffness. Full threads fail at an average strain of 0.36

and an average load of 0.86N.

— The stem demonstrates a fairly large initial toe region, followed by a stiff region
(stiffness comparable to the distal thread section). At strains of approximately
0.2 the stem exhibits a rollover-type ‘yield’, which is quickly followed by failure.

The stem fails at strains of approximately 0.25 and loads of approximately 9N.

e The cyclic loading behavior of the proximal and distal sections separately, and of the

full thread (Figures 26 35 47).

— The distal thread section exhibits small hysteresis at low strain, with the hysteresis
increasing with strain. The material also demonstrates cyclic softening, and a

large amount of dissipation.

— The proximal thread section exhibits significant hysteresis throughout loading,
with the majority of the work density applied to the material dissipated for all

strain levels. The proximal section also shows significant cyclic softening.

— The full thread demonstrates a similar cyclic response, with a hysteresis increasing
with strain. The hysteresis of the full thread is less than the proximal section,
but greater than the distal. Again, the material demonstrates significant cyclic

softening.
e The recovery seen in the proximal and distal thread sections (Figures 31 39).

— The distal section’s ability to recover is heavily dependent on strain. Prior to
yield, the material recovers fully within 3 minutes. In the post-yield stress plateau
region, the material will recover fully, but the process can take up to (or greater
than) 25 minutes. After the plateau, when the material has hardened, full recovery

does not occur.
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— The proximal section recovers similarly to the distal section. At small strain, the
material recovers fully within minutes. For intermediate strain the material will
recover fully, though the time required for full recovery can be very long. For high

strain, the material will not recover.

e The dissipative behavior seen in the proximal and distal sections separately, and in the

full thread (Figures 28 36 48, and Tables 2 4, and 6).

— In the distal section the majority of the work applied in the first cycle is dissipated,
while the majority of the work applied in the second cycle is stored. The amount
of stored work in each cycle is similar, and the amount of dissipated work in the

second cycle is much lower than that dissipated in the first.

— In the proximal section the majority of the work applied in the first cycle is
dissipated, as is the majority of the work applied in the second cycle (for all but
the highest strain tested). The amount of stored work in each cycle is similar,
and is similar to the amount of work dissipated in the second cycle. The amount

of work dissipated in the first cycle is far greater than any of the other quantities.

— In the full thread, the majority of work in the first cycle is dissipated, while the
majority of work in the second cycle is stored. For the full thread, there is larger
variation in the amount of work stored in the first and second cycle, though they
are still similar, and are similar to the amount of work dissipated in the second
cycle. Again, the amount of work dissipated in the first cycle is far greater than

any other work quantity.

These results will be used in the following chapters to validate the material constitutive

model and the full thread finite element simulations.
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3 A Micro-structurally-informed Constitutive Model

of the Stress-Strain Behavior of Mussel Byssal Threads

As discussed in the introduction of this thesis, the microstructure of mussel byssal threads
consists primarily of protein filaments suspended in a jelly-like matrix. In recent years, the
mechanical behavior of protein molecules (as well as other biological molecules and long chain
synthetic molecules) has become an increasingly popular area of research, and several models
have been developed to capture the stress-stretch behavior of these molecules. Recently,
much of this work has focused on capturing the unfolding of large folded domains within
these molecules, as well as modeling how these molecules behave in multi-molecule networks.
In most cases the proteins are modeled either as freely-jointed chains, with their mechanical
response captured with the inverse Langevin function [23], or as worm-like chains, with their
mechanical response captured with the equations developed by Marko and Siggia [18] and

MacKintosh [17].

3.1 The Bertoldi Model for the Mechanical Behavior of Mussel
Byssal Threads

Bertoldi (2007) proposed a constitutive model for the mechanical behavior of the distal sec-
tion of mussel byssal threads, modeling the material as a network of folded protein molecules
in parallel with a Neo-Hookean matrix (see Figure 52) [1].

In this model, eight protein filament bundles are arranged into the eight chains of an
eight-chain orthotropic unit cell (as described in Bischoff et. al. [3] [4]). As can be seen in

Figure 53 the dimensions of the unit cell are a, b, and ¢, where:

a=c=2rysin by, b = 2rycos by (3)
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Figure 52: A rheological description of the Bertoldi constitutive model. Here the material is modeled as
an eight-chain protein network in parallel with a Neo-Hookean matrix. The matrix is linear (modeled as
a spring). Note that the strain on each element i.e. the deformation gradient will be the same, while the
stresses will be different. The stresses sum to give the total stress in the material.

and the vector orientations of the filament bundles are:

1 5 ~ ~ ~
(1) = —Vg) = V€1 + V9ey + V€3

Vo
V(()2) = —Vés) - I/1é1 + l/géQ — 1/1é3
V(()g) = —Vg) = I/lél - V2é2 + I/lég
V(()4) = —Vég) = I/lél — I/2é2 - V1é3 (4)
where:
v = —=sin by, vy = cos by (5)

V2

and é;, éy, and é; are unit vectors in the directions of the coordinate axes. The long,
continuous nature of the fibers permits the assumption of affine deformation, giving the

fiber stretch )\(fi) of the i-th fiber to be:

AP = /vl ovl) = /1P (6)
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valid since the stretching in the kink is negligible relative to the stretching in the straight
rods Ly and Lg). Thus:

PO = Potyg (10)

Next, note from compatibility (and referring to Figure 54):

Lisina; = Lysin ag (11)

and the stretch from unbending is related to the lengths of the stiff rods (L; and L) and

their angles (a; and as) as:

Licosag + Lo cosag

A4 = 12
i o (12)
where rqg = Lj cos ag + Ly cosag. Thus, a; and as are related to )\}‘ as follows:
[ 2 (yu)?2,.2 w)2 .2 2 2\’
oy = arcsin
2)\';7"0[/1
r 2
A r2 4 L2 — L2
Q9 = arccos ( f) 2)(\)‘;7’0112 1] (13)

Thus, since the overall angle («) is given by a = a3 + ao, the force in the fiber due to

unbending is given by:

2FE1 A¢ro (@ — ap)

fp=
T a 2 (yu)2,.2 u\2,.2 2 5]?
413 () 13 = [ () + 13 - 13]

(14)
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Fiber Force and Strain Energy Due to Stretching/Unfolding: The strain energy

in a rod as it stretches is given by:
EA L.\’
C= L2 X - = 15
i 2Lu°(f L0> (15)
where L, is the tension-free length of the fiber and Ly is the rod’s original contour length.
Thus, the force on the fiber due to stretching is given by:

EA L
s _ I )\3__“) 16
= (%1 (16)

The fiber unfolding is captured by allowing the tension-free length of the fiber to evolve,
with the rate of evolution increasing with the force on the filament. In order to also capture

the rate-dependence of the unfolding, an Eyring-type model is used [9]:

: fizu
Lu = Oy (Lmaz - Lu) €xp I:KB@} (17)

where L, is the maximum contour length of the filament, a,, is related to an activation
frequency, ¢, and an activation energy ¢ exp (?A;%) and z, is the activation length, Kp
is the Boltzmann constant, and © is absolute temperature. Thus, at any time during the

loading, the tension free length can be determined by the current rate of evolution Ly, and

the amount of time that has elapsed since loading began At:
Ly = LyAt + Ly (18)

3.1.2 Material Stress-Strain Behavior

Stress-Strain Behavior of the Fiber Network With the force-stretch behavior of the

protein fibers known, the overall stress-strain behavior of the fiber network can be calculated.
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Since a single protein fiber bundle sits as each leg of the eight-chain orthotropic unit cell, the
strain energy of the cell is given by the sum of the strain energies of each of the constituent

bundles, where many fibers, say N, are in each bundle:

Wi = 2N i w (Agf)) (19)
i=1

Similarly, the strain energy density is given by the strain energy of all of these fibers divided

by the volume they occupy, V,

W = eelt _ < 24: w (Agf)) (20)

where v is the fiber density, %

The First Piola-Kirchoff stress is calculated as:

Sani = 2F ( Z o0 9C ) (21)

@
Defining v(¥ to be FvO , and with 8810 = V(()Z) ® v(') ( = fro known, S,,; is found to
A
be:
4
174 1 EA s(4) (4) (3)
sam=zz/\@ [L rZ ()\f —1) v @ vy (22)

i=1

and therefore the Cauchy stress for the fiber network is:

Oani = 4J Z )\](.z) [EAT' (Af() — ].)jl V(z) ® V(z) (23)

Stress-Strain Behavior of the Neo-Hookean Matrix As noted above, the jelly ma-

trix that surrounds the protein fibers, is modeled as a nearly incompressible Neo-Hookean
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material. The strain energy for such a material is given by:
K
Wiso = g(l1 —3) —plog J+ 7 (J - 1) (24)

where p and K denote the shear and bulk modulus respectively. The Cauchy stress for such

a material is given by:

aiso=%(B—I)+K(J—1)I (25)

Overall Material Stress-Strain Behavior Because the model elements lie in parallel

(see Figure 52), the stresses in the two components sum to give the overall stress in the

material.
O = Oiso T Oqni (26)
Or, more specifically:
_ K v L TEA 5 (s 0 g v
a_j(B‘I)+K(J_1)I+Z;>\}¢) [L—uro()\f —1) vV v (27)

3.2 Results of the Bertoldi Model

The Bertoldi model is compared to experimental data in Figure 55; the values of the different
parameters used are given in Table 8. Although the Bertoldi model captures the ‘yield’ in
the material, as well as the material rate dependence, it fails to capture the material behavior
at high strains (strains above approximately 0.5). The model also fails to capture the non-
linearity in unloading and hence also fails to capture the large hysteresis. A comparison of
the Bertoldi model’s results to experimental results is shown in Figure 55.

The reason that this model overestimates the stiffness of the material at high strains (and
fails to accurately capture the hysteresis) is because the length evolution equation does not

accurately capture the protein unfolding event. Because of the exponential dependence on
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Table 8: Parameters used in the Bertoldi model to achieve the fit corresponding to Figure 55. u is the
shear modulus of the matrix, K is the bulk modulus of the matrix, 6 is the initial fiber orientation, F is the
fibers’ Young’s Modulus, Ljo is the initial length of the longer leg of the protein filament, Lyg is the initial
length of the shorter leg of the protein filament, Hy is the initial fiber center-to-center distance, d is the fiber
diameter, Ly, is the maximum contour length, o, is the activation energy, and z,, is the activation length.
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Figure 56: Force and length evolution of the protein fibers predicted by the Bertoldi model. The contour
length remains constant up to a strain of approximately 1.25, then increases roughly linearly to the maximum
value of 385 nm, and remains constant at the maximum value for increasing strain (upper left). The rate
increases rapidly at a strain of approximately 1.25, then decreases slightly until a strain of approximately
0.45, then drops suddenly to a value of zero (upper right). The fiber force increases linearly until unfolding
begins, this increases the compliance dramatically. As the contour length reaches the maximum value, the
force again begins to increase linearly (bottom).

of the material prior to unfolding and after unfolding will be the same, giving the same

stiffness in each region. This is not the behavior seen in the experimental results. This is
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also why the model cannot predict the hysteresis in the material (the model predicts that
for high strains, the unloading curve will follow the loading curve until it returns to the
‘unfolding region’ - see Figure 55) i.e. since all the stretching in this strain regime is due to
A} the material behaves as a linear elastic material (the f{ and E A effects are essentially the
behavior of a spring). Further, the model predicts a sharp transition from stiff to compliant
behavior in unloading, due to the unbending of the bent protein filaments. During unloading,
the filaments first un-stretch. At some force the filaments stop un-stretching and begin to
unbend. The unbending requires a small force, which decreases much more slowly than the

un-stretching. This gives rise to the sudden increase in compliance.
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Figure 57: Relative contributions of stretching and unbending to the overall fiber stretch. The solid line
shows the stretching/unfolding contribution A%, while the dotted line shows the unbending contribution A

There are several possible explanations for the disparities between the experimental re-
sults and the model’s predictions. First, the model assumes that the effective stiffness (the
EA) of the protein fibers is uniform down the length of the fiber. However, as noted in the
introduction, the chemical composition of the folded fiber ends is different from that of the

interior ‘bent rod’ section, and so it is possible (if not likely) that these two regions will
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have different effective stiffnesses. Although a stiffness difference will ‘correct’ the problem
of overestimating the material stiffness at high strains i.e. if the folded domains are modeled
as more compliant than the interior region then the model can fit the experimental results
in loading, the stiffness difference alone will not capture the material behavior in unloading.
A second possible cause of this disparity is the degradation and failure of some protein fila-
ments during loading. Thus, although the majority of the protein filaments remain intact,
some fail, effectively decreasing the number density (v in the model) of protein filaments
in the material. This again would give rise to a more compliant response at high strains,
but would not capture the hysteresis. The final possibility, and the only that will capture
the material’s hysteretic behavior is that the protein filaments never attain their maximum

contour length, and hence are not being directly axially stretched.

3.3 A Parametric Study of the Fiber Contour Length Evolution
Equation

There are several ways to vary the parameters in order to change the rate of increase of
contour length. First, the equation can be made non-linear with respect to the (Lep — L,)

term:

(28)

S
L,=ay, (Limaz — Ly)" exp [ffxu]

Kg©

where n can vary over all real numbers. Next, the width of the activation barrier i.e.
can vary with fiber contour length. In order to keep the argument of the exp term non-

dimensional, the length must be normalized, thus the argument can be multiplied by EL—“—:

frzu (Lfnaz>

K,.0 (29)

Ly, = ay (Lmaz — Lu) exp
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where the argument can either be linearly dependent on this term, or non-linearly dependent

on this term i.e. (Lfniz)n

Both these methods to alter the rate of increase of contour length were attempted, with
little difference in the overall stress-strain behavior of the material. In the first case, the
non-linearization served to change the point fiber force at which unloading began, increasing
the load required for unfolding for n-values greater than 1, and decreasing the load required
for unfolding for n-values between 0 and 1. In the second case, the load required to initiate
unfolding was again altered depending on the n-value chosen, while the flatness of the stress-
plateau increased (a result of a greater initial jump in Lu)

The second case (evolving the activation barrier with loading) gives insight into how to
achieve the desired shape of the stress-strain curve. In this case, the shape becomes worse,
with the angle between stress-flattening and post-yield hardening decreasing. In order to
increase this angle, and get a smoother transition, the argument of the exp term needs
to decrease with loading (to counteract the force term, which increases with loading). To
achieve this, the equation can be multiplied by the difference between the max contour length

and the current contour length:

fioa ( Lmaz — Ly )"} (30)

Ly, = @y (Limar — Ly) €xp [ LI
max U

Thus, by varying n the shape of the stress-strain curve can be significantly altered (see Figure
58). Using this form of the contour length evolution equation, the experimental results were
fitted (shown in Figure 59). Cyclic loading is also shown with corresponding experimental
results (Figure 60).

Thus, the material behavior in loading, as well as the large hysteresis at high strains
is captured with this model. However, the model fails to capture the ‘smoothness’ of the

unloading curve, predicting that the unloading will change compliance sharply at low stress,
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Figure 58: Contour length vs. true strain (upper left), rate of contour length evolution vs. true strain
(upper right), and true stress vs. true strain (bottom). Arrows show the directions of n increasing from 0
to 0.9. The actual n values shown are 0, 0.05, 0.1, 0.3, 0.5, and 0.9.

as opposed to the smooth curve shown in Figure 55.
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Figure 59: True stress vs. true strain for distal mussel byssal threads at a nominal strain rate of 1/s.

Solid line corresponds to experimental data; dashed line corresponds to the model’s fit. The value of the n
parameter chosen here is 0.5.
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Figure 60: True stress vs. true strain for cyclic loading of distal mussel byssal threads at a nominal strain
rate of 1/s. Solid line corresponds to experimental data; dashed line corresponds to the model’s fit.
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3.4 Modeling the Proteins as Worm-like Chains to Capture the
Non-linearity in Unloading

Similar models for the mechanics of protein unfolding have been developed to model the
stress-strain behavior of protein networks [23]. However, unlike the Bertoldi model, which
is an energetic (enthalpy-based) model, these models are statistical (entropy-based). The
two most commonly used models for the force-extension behavior of single molecules are
the worm-like chain (WLC) model and the freely-jointed chain (FJC) model; both were
implemented into the fiber network model discussed above. These models have each also
been augmented with an unfolding model. The two models can be shown to both provide the
same benefits (slightly greater hysteresis and increased ability to capture the non-linearity
in unloading), but both also have the same problems (non-zero force at zero strain). The
WLC will be discussed here to highlight these benefits and problems. The FJC is discussed

in Appendix 8.

3.4.1 General Forms of the WLC Model

In general the WLC model is used to model the mechanical behavior of molecular chains
where the end-to-end distance of the chain is less than the contour length of the chain.
Figure 61 shows a typical molecule that could be modeled with the WLC. In this case the
end-to-end distance is given by r and the contour length of the chain (the total length of
the chain in its fully straightened configuration) is given by L.. A third important chain
quantity, the persistence length /,, measures the bending stiffness of the chain.

There are several forms of the WLC force-stretch equation, each of which models a dif-
ferent filament stiffness regime. Figure 62 shows the physical description of each model. For

L. > 1, the molecular chain is considered flexible and the force-stretch equation developed
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Figure 61: A typical molecule that could be modeled with the WLC model. The molecule end-to-end
distance at any point during loading is given by r, while the overall contour length of the molecule is given
by L.. Figure taken from Palmer PhD thesis [22].

by Marko and Siggia is most often used [18]. The form of this equation is:

KB@ T 1
f}/VLC:_l__ L + 5
=

(31)

e R

The end-to-end distance at zero force for the flexible chain is zero, ri=o = 0. For L, ~ 1,
the chain is considered semi-flexible and the MacKintosh model is the most common [17].

The form of this equation is:

K0 1 %—6(1“ﬁ)
f’YVLC_Z 4(1—,&)2 %—2(1-&) (52)

The end-to-end distance at zero force for the semi-flexible chain is Ti=0 = L, (1 — é’fp)

3.4.2 The WLC Model as it Applies to Mussel Byssal Threads

In the case of the protein filaments in the mussel byssal threads, the WLC is only applicable

to the folded domains at the end of the filament. The central filament region remains stiff
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Figure 62: A physical representation of the types of molecules that can be modeled with the MacKintosh
WLC model and the Marko-Siggia WLC model.

and is modeled as a straight stretching rod (the same as in the Bertoldi model). Further, the
folded domain does not act as a traditional WLC, because as more and more folded domains
unfold, it transitions from a semi-flexible to a flexible molecule and, when all domains unfold,
the backbone begins to stretch. A model for an extensible semi-flexible WLC was developed
by Palmer in his PhD thesis [22], and is more directly applicable to this situation.

In the extensible semi-flexible WLC model, the overall stretch on the molecule is de-
composed via a multiplicative decomposition into a stretch from unbending and a stretch
from stretching (the same decomposition used for unbending and stretching in the Bertoldi

model).

Ar = AjAY (33)
In this case, the force due to stretching, f{, is given by:

EA
L,

f; = To ()\7' — 1) (34)

and the force due to unbending, f{, is given by the MacKintosh WLC force (Equation 32).

Thus, the force-stretch behavior can be determined iteratively.
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This model is applied to the folded domains at the ends of the mussel proteins, while
the internal section is modeled as a stiff rod (see Figure 63). Thus, the overall length of the
fiber (Ly) is broken down into the length of the middle section (L,,) and the length of the

end sections (L,).

With the length of the fiber as well as the lengths of the middle and end sections known,

the stretch in each region can be determined:

Lf (Lm + Le)
= = 36
Lfo (Lm + Le)o ( )

Af

where the stretch in the middle section is given by A\, = f—% and the stretch in the ends is
given by A, = LA% Noting that A is the overall stretch on the WLC section, ). can be used
in the stretch decomposition equation (Equation 33), and force equilibrium can be used to

determine the relative amounts of A, that are due to stretching and unbending. The force

on the middle section can be determined by:
fm=EA(My — 1) (37)

which (due to fiber equilibrium) is equal to the forces from stretching and unbending in the

folded ends.
Jm=f=f! (38)

Again, the force-stretch behavior can be determined iteratively.
For this model, the length evolution i.e. unfolding is taken to occur only in the WLC
section. Thus, the contour lengths of the end sections evolve instead of the overall fiber

n
length. In this case, varying the activation length, X,, by (E’j—lt) captured the unfolding
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Figure 64: Monotonic loading results for the WLC model. Experimental results are shown with a solid
line, while the model’s results are shown with a dashed line. On the left, an isolated strain rate, 1s~! is

shown, while on the right three strain rates, 1s™1, 0.1s~!, and 0.01s~! are shown.
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Figure 65: Cyclic loading results for the WLC model. Experimental results are shown with a solid line,
while the model’s results are shown with a dashed line.

captures the material ‘yield’, stress-plateau, and post-‘yield’ hardening quite well. The model

also captures the material strain rate dependence well, capturing the different ‘yields’ when

loading at different strain rates. The model also predicts the parallel nature of the stress-

strain curves at high strain. The model fails to capture the full ‘Aatness’ of the post-‘yield’

stress plateau, but in general gives a good fit to the experimental data.
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Figure 65 shows the unloading path for the WLC model. As can be seen, the WLC
model’s prediction of the unloading response is quite similar to the Bertoldi model’s predic-
tion. The stiffness of the initial unloading is high (and similar to the stiffness of the Bertoldi
model’s unloading), and at a small stress (approximately 10M Pa) the compliance drops
suddenly, giving a sharp corner to the stress-strain curve.

The sharpness of this corner can be altered by varying the persistence length. For a
decreasing persistence length, the ‘sharpness’ of the unloading curve decreases. Thus, a
‘smoothness’ comparable to that seen in the experimental results can be achieved (see Figure
66). However, decreasing the persistence length gives rise to a non-zero force in the protein
filament for a stretch of 1, which gives rise to a non-zero stress in the fiber network for a
strain of zero. This is obvious when looking at the form of the f}VLC equation i.e. Equation
32. For this equation, there is one specific value of [, that gives zero force in the chain in
the initial configuration i.e. when r = ry. From Equation 32, f}” LC equals zero only when
l, = % (1 — ﬁ>_l. Thus, for any other value of [,, in order for the material to be stress-
free in the undeformed configuration, there must be an equal (in magnitude) compressive
stress in the matrix. This phenomenon i.e. have a pre-stressed protein network in a slightly-
compressed gel or matrix, is not uncommon in biological entities.

However, in this case, altering the persistence length, although it provides the desired
‘smoothness’ of the unloading curve, decreases the hysteresis at high strain. It also highlights
a major problem with using the WLC model to model the folded domains in these particular
protein filaments, namely that at different stages in loading the protein filaments are in
different flexibility regimes. Initially the protein filaments are semi-flexible, with a persistence
length on the order of the contour length. This continues throughout much of the loading
cycle. However, as more and more domains unfold, the chain transitions to a flexible chain.
Hence, during unloading the chain become very ‘floppy’, i.e. the protein filaments behave as

a flexible WLC. Thus, neither the Marko-Siggia nor the MacKintosh model can accurately
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capture loading and unloading of these filaments.
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Figure 66: Cyclic loading results for the WLC model. Experimental results are shown with a solid line,
while the model’s results are shown with a dashed line. The smoothness of the unloading curve is increased
by decreasing the persistence length. However, decreasing the persistence length also gives rise to a non-zero
stress at a true strain of 0.

3.5 A Phenomenological Model for the Mechanical Behavior of

Mussel Byssal Threads

Because of the inability of the Bertoldi model and the commonly used entropic models (FJC
and WLC) to capture the unloading of the protein fibers in the mussel byssal threads, a
phenomenological model, which is able to capture the loading, unloading, and reloading of

the material was developed.

3.5.1 Force-Extension behavior of a single filament

The phenomenological model developed for the stress-strain behavior of mussel byssal threads

is similar to the models discussed previously, in that it takes the stretching/unfolding of
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protein filaments to be the major constituent of the overall material stress-strain behavior.
Again the protein filaments are separated into two regions, the middle domain (straight
rod domain) and the end domains (folded domains), as was shown in the protein domain
schematic (Figure 63). The overall stretch on the fibers is additively decomposed using

Equations 35 and 36, where the force on the internal section is again given by
fm=EA(An—1) (40)

Again, due to force equilibrium, the force in the middle (straight rod) domain equals the
force in the end (folded) domains, where the force in the end domains will be taken to follow

a nonlinear behavior given by the phenomenological equation:

f=a(1-3) 0o (41)

L

where ¢; and n are constants, which take different values in the proximal and distal section,
and Ay, is a locking stretch, which evolves with force. Force equilibrium and the fiber stretch
decomposition are used to solve for the force on the fiber at a given macroscopic stretch; this

is done iteratively via the bisection method.

3.5.2 [Evolution of the locking stretch

The locking stretch Az is similar to the overall fiber contour length in the Bertoldi model
and the WLC/FJC models, in that as the stretch on the folded domains A, approaches the
locking stretch, the force begins to increase exponentially. The physical unfolding of folded
domains within the protein is captured by evolving the locking stretch, using an Eyring-type
evolution equation (similar to the contour length evolution equations discussed above). In

this case, the locking stretch evolution equation is non-linear with respect, to locking stretch.
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\ c2 eXu A “
AL =y (Apataz — AL)? exp [QB@ (/\Mj ) J (42)

Where Apazaz, 2, and c3 are constants which differ in the proximal and distal thread sections.
The evolution equation is solved using a forward Euler integration, which gives a discrete

value for the locking stretch at any instant in time.
AL = Apow + ArAt (43)

Where Aroiq is the value of locking stretch at the previous time step, and At is the time
duration of that step. The load-strain, locking stretch-strain, and locking stretch evolution
rate-strain behaviors for a single fiber bundle are shown in Figure 67. As can be seen, the
load-strain curves are similar to those seen in the Bertoldi model (Figure 56). Further, the
locking stretch evolves similarly to the contour length in the Bertoldi model. Figure 68 shows
the load-stretch behavior for loading and unloading at two different strain rates (solid lines

- 1s71, dashed lines - 0.1s7!) and two different maximum strains.

3.5.3 Preliminary results of the constitutive modeling in the proximal and distal

sections

The phenomenological form of the force-stretch equations were implemented in the overall
material stress-strain model, using the material properties given in Table 12 (the methods
for determining the material properties are highlighted in Appendix 6). The monotonic
loading and unloading curves for both the distal thread section and the proximal thread
section are shown in Figures 69 and 70 respectively. As can be seen, the model captures the
materials’ non-linear stress-strain behavior, including the initially stiff loading, the ‘yield’ in
the distal section, and the post‘-yield’ stress plateau. The model also captures the stress-

strain behavior in the proximal section, as well as the rate-dependence in both the proximal
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Figure 67: Locking stretch vs. strain (upper left), rate of evolution of locking stretch vs. strain (upper
right), and force vs. strain (lower center) for the phenomenological model developed above in load-unload-
reload. The rate of evolution of locking stretch is similar to the rate of evolution of contour length in the
Bertoldi and WLC models.
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Figure 68: Force-stretch behavior for a single fiber bundle modeled using the phenomenological model
developed above. Solid lines correspond to loading at a nominal strain rate of 1s~!, while dashed lines
correspond to loading at a nominal strain rate of 0.1s71,

and distal sections. In unloading, the model captures the large hysteresis and the non-

linearity of the unloading curve. Unlike the other models, this model predicts a ‘smooth’

transition in compliance for unloading.
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Figure 69: Stress-strain behavior of distal thread section in monotonic loading /unloading (left), and stress-
strain behavior of distal thread section in monotonic loading at three nominal strain rates (right). The solid
line corresponds to the experimental results; the dashed line corresponds to the model’s results.
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Figure 70: Stress-strain behavior of proximal thread section in monotonic loading/unloading. The solid
line corresponds to the experimental results; the dashed line corresponds to the model’s results (overall stress
- matrix plus fibers); the dotted lines correspond to the model’s results (matrix stress only).
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Figure 71: The model predictions of stress-strain behavior for cyclic loading of the distal (left) and proximal
(right) thread sections to different maximum strains.

Figures 71 and 72 show the stress-strain behavior and the locking stretch evolution re-
spectively of the proximal and distal thread sections at two different strain rates (solid lines
correspond to a nominal strain rate of 1s~! and dashed lines correspond to a nominal strain
rate of 0.1s7!) and three different maximum strains. As can be seen, in the distal section,
increasing the strain rate increases the stress and strain at yield, and decreases the amount
of hysteresis. In the proximal section, increasing the strain rate increases the stress at a
given strain throughout loading, and again decreases the amount of hysteresis. Increasing

the strain rate also affects the evolution of the locking stretch. In the distal thread section,
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increasing the rate of loading causes the locking stretch evolution to occur later (at a higher
strain). For all strains beyond the initiation of locking stretch evolution, the rate of increase
of locking stretch (the slope of the locking stretch vs. true strain curve) is the same for both
strain rates. The delayed evolution of the locking stretch corresponds to the higher ‘yield’
stress for higher strain rates, while the parallel nature of the locking stretch vs. strain curves
corresponds to the parallel nature of the stress-strain curves post-‘yield’. In the proximal
thread section, increasing the strain rate does not significantly affect the initiation of locking
stretch evolution, as the evolution begins at approximately the same strain for both strain
rates. However, increasing the rate of loading slightly decreases the locking stretch at a given

strain. This corresponds to the higher stress at a given strain in the stress-strain curves.
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Figure 72: The model predictions of locking stretch evolution as a function of strain for the distal (left)
and proximal (right) thread sections to different maximum strains.

Although the model captures many aspects of the material behavior, it fails to capture
the residual strain in unloading, as well as the material stiffness in reloading, as is seen in
Figures 73 and 74. The residual strain is most likely a visco-elastic effect, while the increased
stiffness in reloading is most likely a result of protein refolding i.e. when the force holding
the folded domains taut is removed, they tend to refold. These effects were implemented in
the model by adding a visco-elastic element to the matrix to capture the residual strain, and

by adding a reverse (refolding) process to the locking stretch evolution equation to capture

118



the increase in stiffness upon reloading. Note that the residual strain may be due to viscous

or other slipping mechanisms in the fiber network; this effect was not implemented in the

model but could be explored in the future.
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Figure 73: Load-unload-reload for distal thread section. Experimental results are shown with a solid line,
while model results are shown with a dashed line. The model fails to predict the residual strain in the
material, and the increased stiffness during reloading (the reloading curve for the model follows its own

unloading curve exactly).

3.5.4 Adding visco-elasticity to the matrix

In order to capture the residual strain, a viscoelastic element was added in series with the
Neo-Hookean matrix (See Figure 75). As can be seen in Figure 75, the overall deformation

gradient F acts equally on the fiber network and the Neo-Hookean matrix

F = FFibers = FNeo——Hookean (44)
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Figure 74: Load-unload-reload for proximal thread section. Experimental results are shown with a solid
line, while model results are shown with a dashed line. The model fails to capture the residual strain in
the material and the increased stiffness during reloading (the reloading curve for the model follows its own

unloading curve exactly).
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Figure 75: Rheological representation of the material constitutive model with the additional viscoelastic
element (dashpot) in the Neo-Hookean matrix. As before the stresses in each leg of the model sum to give

the total stress, while the deformation gradient is the same for each leg of the model. In the matrix, the
deformation gradient is now multiplicatively decomposed into an elastic and viscous portion.

while the overall stress is the sum of the stresses acting on the network and the matrix.
T = TNeo—Hookean + TFibers (45)
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In the matrix the deformation gradient is multiplicatively decomposed into elastic and viscous

contributions.

FNeo—Hookean = F°F’ (46)

The rate kinematics are described by the velocity gradient L = FF !, which can also be

decomposed into its elastic and viscous contributions

Lé = FFe! (47)

LY = FF! (48)

where the overall velocity gradient is the sum of the elastic and viscous velocity gradients.

L=FF! 4+ FF F'F*! = L° + FL'Fe! (49)

L=L°+L" (50)

where L” = FELVFe 1,
Thus, the viscous velocity gradient is the sum of the rate of spin tensor and the rate of
stretching tensor, with the rate of spin tensor for the viscous component taken to be equal

to zero.

L'’=D (51)

This leads to an expression for the rate of change of the viscous deformation gradient,

F’ = F D FF" (52)
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and all that remains is to determine the viscous rate of stretching tensor through a consti-
tutive equation.

Because visco-elasticity is a shear-driven phenomenon, the viscous rate of stretching
tensor can be determined from the magnitude of the shear stress 7, the driving direction of
shear N”, and an effective viscoelastic shear strain rate 7. The magnitude of the shear stress

is calculated using the deviatoric part of the stress.
1,
T = QT : T (53)

while the driving direction of shear is calculated by normalizing the shear stress by its

magnitude.

!

=L (54)

T

The effective shear strain rate is determined from the viscous deformation mechanism of the
material, and can take many forms. For the case of linear viscoelasticity, the shear strain

rate is modeled by the following,.

r
y=- 55
; (55)

where 7, a constant, is the material viscosity. In the case of large deformations many
materials demonstrate non-linear viscoelasticity, and several models for the shear strain rate
have been proposed. In this case, an Eyring-type viscosity model is used
. - (AG —1Q) — (AG + 1Q)
= exp | ————| —exp | ———= 56
¥ ’Yo{ p[ K0 Pl — %6 (56)
where 7 is a material constant which captures a reference attempt frequency, AG is the
activation energy, Kp is the Boltzmann constant, © is the absolute temperature, 7 is the

magnitude of the shear stress, and Q is the width of the activation barrier. The first term

in the exponential can be lumped into the material constant, which gives a reduced form of
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the equation

. Q
4 = fosinh ( [;B @) (57)

which, because of the nature of the hyperbolic sin function, captures both the forward and

reverse processes. Thus, the viscous rate of stretching tensor can be calculated
D’ = 4N" (58)

and the rate of change of the viscous deformation gradient F' can be determined from

Equation 52.
With the rate of change of the viscous deformation gradient known, the viscous and

elastic components of the deformation gradient can be determined.

where F(}; is the viscous deformation gradient in the previous step and At is the duration
of the step. Computationally, this is solved using a forward Euler integration. The elastic

contribution is

F° = FF""! (60)

which is used to solve for the stress in the material.

B = FeFeT (61)

B-I)+K(J—1)I (62)

Si=

Tiso =

With the addition of the viscoelastic element, the model was able to capture the residual

strain in both the proximal and distal section (see Figures 76 and 77). In the distal section,
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the model predicted the amount of residual strain nicely for all but the lowest strain value.
In the proximal section, the model predicted the amount of residual strain in the highest
strain regime, while still failing to capture the residual strain in the low and intermediate

strain regimes.
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Figure 76: Experimental and model (with viscoelastic matrix) results for load-unload of distal thread
section. The model predicts the residual strain for all but the lowest strain case (upper left).

A direct comparison of the model with and without the visco-elastic matrix is shown in
Figure 78. As can be seen, the effect of the viscoelasticity increases with strain. In the lowest
and intermediate strain case, the effect is unnoticeable. However, for the high strain regime

(in both the distal and proximal thread section), adding the viscoelastic element significantly

increases the model’s ability to capture residual strain.

Figure 79 shows the load-unload-reload-unload response of the material with the vis-
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Figure 77: Experimental and model (with viscoelastic matrix) results for load-unload of proximal thread

section. The model predicts some residual strain for all strain levels, though the magnitude of the residual
strain in the experimental results is greater in all cases.
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Figure 78: The model’s prediction of the stress-strain behavior of the distal (left) and proximal (right)
thread sections at a nominal strain rate of 1s~!. Solid lines show the model with a purely elastic matrix;
dashed lines show the model with a visco-elastic matrix.
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coelastic element (without the viscoelastic element, the reloading curve follows the unloading

curve exactly). As can be seen, the model predicts a slightly more compliant response in

reloading for both the distal and the proximal thread sections. The reason that the effect of

the viscoelasticity on reloading is not large is because the relative magnitude of the matrix

stress to the fiber network stress is small in both sections. A plot of the matrix stress,

network stress, and overall stress is shown in Figure 80.
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Figure 79: The model’s (with the viscoelastic element included) prediction of the load-unload-reload-unload
behavior of the distal thread section (left) and the proximal thread section (right).
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Figure 80: Overall stress, matrix stress, and fiber network stress for the model with viscoelasticity. In
both cases the relative amount of matrix stress (compared to fiber network stress) is small.

The magnitude of this matrix stress can be varied by varying the shear modulus of the

matrix. The amount of hysteresis can also be varied by changing the width of the activation
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barrier, and/or the activation energy for viscoelasticity. Both the shear modulus and the
width of the activation barrier were varied for both materials to demonstrate how this affected
the residual strain and the overall mechanical behavior. Figure 81 shows these results. As
can be seen, the overall stiffness of the material increases with the stiffness of the matrix;
similarly, the overall material hysteresis increases with the hysteresis of the matrix. However,
significantly altering the matrix properties negatively affects the ‘smoothness’ of the overall

stress-strain curves.
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Figure 81: Overall stress and matrix stress for the distal (left) and proximal (right) models. Different curves
correspond to different values of shear stress in the matrix and different widths of the activation barrier €.
In the distal section (left), the solid lines correspond to a shear modulus of 9M PA and an activation barrier
of 5.5(10%%)m, the dashed lines correspond to a shear modulus of 15M Pa and an activation barrier of
1.5(1072%)m, and the dotted lines correspond to a shear modulus of 25M Pa and an activation barrier of
1.0(1072%)m. In the proximal section (right), the solid lines correspond to a shear modulus of 9M Pa and an
activation barrier of 5(10~2%)m, the dashed lines correspond to a shear modulus of 12M Pa and an activation
barrier of 3(10~2°)m, and the dotted lines correspond to a shear modulus of 15M Pa and an activation barrier
of 2(10~2°). The properties of the fiber network were not varied in these plots.

Thus, although the viscoelastic element significantly increases the model’s ability to cap-
ture the residual strain, even with the viscoelastic element, the model remained unable to
capture the material stiffness in reloading. In order to capture this stiffness recovery, a

reverse (refolding) process was added to the locking stretch evolution equation.

Adding a reverse process to the locking stretch evolution In general, a thermally-

activated process such as that captured by an Eyring-type model involves a forward and
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reverse process. The application of force (stress) then biases the process in the direction
of the force i.e. biases the forward process; hence when a force is applied to the protein
filaments, the folded domains begin to unfold with the exponential relation giving unfolding
at a rate-dependent critical force level. The reverse process, meaning folding or refolding, is
highly unlikely when a force is applied close to the critical force levels. However, refolding
can occur when the force level is reduced to a low enough level. In the previous sections
the reverse process was neglected, because it was assumed that the time scale for refolding
would be much greater than the time scale for unfolding. However, when comparing the
experimental results to the models’ results it becomes apparent that such an assumption is
not accurate, and it is likely that upon unloading, some refolding has occurred.

In its simplest form, the equation for the reverse process mirrors the equation for the

forward process:

r )‘LMa:z

K50 (63)

) —f.X AL
AL = (/\L - )\LMin) €EXp | ———~

where o, and X, are the activation energy and activation length for refolding, and Azazin
is some minimum locking stretch, which evolves with deformation during loading. The
minimum locking stretch, Apazn, must evolve with deformation in order to capture the
time-dependent material recovery i.e. for small deformation loading the material recovers
completely, and so Apan = Aro, while for large deformation loading the material never
completely recovers, so Arasin must be larger than the initial locking stretch. We postulate
that after large enough stretches, complete refolding to the original length is hindered, since
the domains will not refold precisely i.e. neighboring regions do not rebind to original
neighbors (note that increasing temperature may help facilitate this). An equation of this
form was attempted, with results shown in Figures 82 and 83.

As can be seen, the form of this equation is useful in capturing the initial stiffness

recovered by the material in reloading. However, this equation significantly overpredicts the
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Figure 82: Experimental results (solid lines) and model (dashed lines )for load-unload-reload in the distal
thread section. In this case the model includes a reverse process of the form shown in Equation 63.

material stiffness as the strain approaches the maximum strain in the previous load cycle.
The reason for this is that the unfolding equation i.e. the forward process, remains the same

in the first and second load cycle. Physically, this is certainly not the case.

New forward and reverse process equations When the primary bonds holding the
folded domains together break in the initial load cycle, the folded domains unfold, and the
protein uncoils randomly. During unloading the protein recoils, again randomly, and it is
unlikely that two sites, which were adjacent in the protein’s original conformation, would
line up adjacent to each other in the protein’s new conformation. Thus, the bonds that form
during unloading will be considerably weaker than the bonds in the virgin material. Since

the amount of primary bonds that are broken increases with the maximum strain in the first
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Figure 83: Experimental results (solid lines) and model (dashed lines) for load-unload-reload in the prox-
imal thread section. In this case the model includes a reverse process of the form shown in Equation 63.

load cycle, a new parameter, the maximum locking stretch achieved during loading (Aynioed),

is introduced into the locking stretch evolution equation.
Again, the form of the locking stretch evolution equation can be either linearly or non-

linearly dependent on this parameter. In this case, the best fit was achieved with a non-linear

dependence, where the forward process takes the form:

XL = Qy ()\LMaw - )\L)Cl €xp

(64)

a \2
JeXu (/\LMax) Aunioad “
KgO AL
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and the reverse process takes the form:

) - eXu
)‘L = )‘zc;zloada’" ()\L — )\LMm) exp |: I?B@ ] (65)

The forward and reverse processes sum to give the final form of the locking stretch evolution

equation:

foX (52)” (Aunloadys

. _ 3 o
AL = Oy ()\LMax AL) €xp KB@ /\L
_f eXu
Achnloada" (AL - ALMm) exp l: KB@ (66)

where ¢, co, c3, and ¢4 are constants, f. is the force on the protein, «, and o, are the
activation energies for unfolding and refolding respectively, X, and X, are the activation
lengths for unfolding and refolding respectively, Apazq: is the maximum locking stretch,
ALumin is the minimum locking stretch, Aynioeq is the maximum locking stretch in the first
load cycle, Kg is the Boltzmann constant, and © is the absolute temperature. This new
evolution equation was implemented in the overall stress-strain framework; results are plotted
in Figures 84 and 85.

The evolution of the locking stretch and the rate is plotted vs. strain (for the model
including the reverse process) in Figure 86. As can be seen, after initiation of locking stretch
evolution, the locking stretch increases rapidly. In unloading, the locking stretch remains
relatively constant until the force on the fibers approaches zero. After a small force is reached,
rapid refolding occurs, and continues for reloading in the small force regime. For continued
loading, the locking stretch again increases until it reaches the previous maximum value at
the previous maximum strain. Thus, with the updated locking stretch evolution equation,

the model captures the material response to cyclic loading very well.
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Figure 84: Load-unload-reload for distal thread sections using the locking stretch evolution equation that
depends on the maximum locking stretch in the first load cycle (Equation 66).
Increasing cyclic loading Earlier, cyclic loading tests where the strain was increased
slightly for each cycle were reported in Figures 29 and 37. Simulation results for similar
tests are reported in Figures 87 and 88. As can be seen, the model does a good job of
predicting the cyclic loading results at all strains. The model captures the hysteresis, cyclic
softening, and residual strain. The model also captures the fact that in cyclic loading to
increasing strains the material will rejoin the original loading curve for strains higher than
the maximum strain in the previous load cycle.

The locking stretch was also monitored during increasing cyclic loading, and is shown in
Figures 89 (for the distal thread section) and 90 (for the proximal section). As can be seen,

in the distal section the locking stretch remains constant for low strain. As strain increases
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Figure 85: Load-unload-reload for proximal thread sections using the locking stretch evolution equation
that depends on the maximum locking stretch in the first load cycle (Equation 66).
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Figure 86: Locking stretch evolution with strain; distal curves are plotted on the left, proximal curves are
plotted on the right.

beyond 0.15 the locking stretch increases quickly to slightly above 1.5. At this strain (corre-

sponding to the first unload cycle) the locking stretch remains relatively constant for a small
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Figure 87: Increasing cyclic loading of distal byssal threads. Model results are shown in the foreground
with dashed lines. Experimental results are shown inset.
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Figure 88: Increasing cyclic loading of proximal byssal threads. Model results are shown in the foreground
with dashed lines. Experimental results are shown inset.
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amount of strain in unloading, before decreasing to approximately 1.4. During reloading, the
locking stretch continues to decrease, hitting a minimum value of approximately 1.3 at a true
strain of approximately 0.11. As loading continues the locking stretch again increases slowly.
As loading continues to the maximum strain in the previous cycle, the locking stretch rejoins
the original curve, and again increases rapidly. This continues until the next unload-reload
cycle, when the process is repeated. In none of the cycles, does the minimum locking stretch
decrease beyond the level of the maximum locking stretch in the previous cycle. A similar
behavior is seen in the proximal thread section, with the exception that unfolding begins
right away, and the minimum locking stretch in a given unload-reload cycle does dip below

the maximum locking stretch in the previous cycle.

4
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Figure 89: Locking stretch vs. strain for simulations of increasing cyclic loading of the distal thread section
at a nominal strain rate of 1s~1.

These simulations were also conducted at a slower strain rate to investigate the rate-
dependence of the refolding equation. Stress-strain results are shown in Figures 91 (distal)
and 92 (proximal). In the distal thread section, at this slower rate, a sharper transition from

stiff to compliant behavior in unloading is apparent, as well as a reduced amount of residual
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Figure 90: Locking stretch vs. strain for simulations of increasing cyclic loading of the proximal thread
section at a nominal strain rate of 1s~1.

strain, especially at low strain. However, these effects are, in general, small, implying that
the refolding equations are not overly sensitive to applied strain rate. This is important,
because it implies that the model should continue to capture the material behavior well for
slower and faster applied loadings. In the proximal section, decreasing the strain rate has
no noticeable effect on the smoothness of the unloading curves or the residual strain.

The locking stretch vs. strain curves for these two simulations are shown in Figures 93
(distal) and 94 (proximal). The same basic behavior is seen in these tests as in the tests at
higher rates. In this case, the locking stretch decreases more during the unloading cycle (in
the distal section, the minimum locking stretch in a given unload-reload cycle dips below the
maximum locking stretch in the previous unload-reload cycle), which is to be expected, since
more time elapses between unloading and reloading. In the proximal section, the decrease in
locking stretch is even more dramatic, with the locking stretch decreasing to less than half

of its initial value in each unload-reload cycle.
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Figure 91: Stress vs. strain for increasing cyclic loading of the distal thread section at a nominal strain

rate of 0.1s71.
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Figure 92: Stress vs. strain for increasing cyclic loading of the proximal thread section at a nominal strain

rate of 0.1s 1,

Work Density As discussed above with regards to the experimental results, the dissipation

during deformation can be examined in plots of work density vs. strain. Plots comparing
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Figure 93: Locking stretch vs. strain for increasing cyclic loading of the distal thread section at a nominal
strain rate of 0.1s~1.
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Figure 94: Locking stretch vs. strain for increasing cyclic loading of the proximal thread section at a
nominal strain rate of 0.1s7 1.

the total work density applied to the material in the first and second load cycles for the

experimental results and the model are shown in Figures 95 and 96 for the distal and proximal
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sections, respectively.
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Figure 95: Work density vs. true strain for two cycle loading of the distal thread section (experimental
results shown in solid lines) and the model of the distal thread section (the model’s predictions are shown
in dashed lines). Curves shown are for total work density applied to the material.

As can be seen, the model predicts the work density applied to the material in the first
loading cycle for both the distal and the proximal models well. The model also captures
the difference in total work density applied in the first and second loading cycles for both
models. In all cases, the model captures the slope of the work density-strain curves well,
only slightly overpredicting the slope of the work density strain curve at high strains in the
proximal section. The actual values of work density applied are also accurate for both models
in all (except the highes strain in the proximal section) cases.

Figures 97 and 98 show the experimental results and model’s predictions of the amounts
of work stored and dissipated for the distal and proximal sections respectively. Again, the
model accurately predicting the experimental results in both cases. For the distal section,
the model underpredicts the amount of work dissipated in the first load cycle at small

strains, but predicts the amount of work dissipated well for intermediate and high strains.
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Figure 96: Work density vs. true strain for two cycle loading of the proximal thread section (experimental
results are shown in solid lines) and the model of the proximal thread section (the model’s predictions are
shown in dashed lines). Curves shown are for total work density applied to the material.

Consequently, the model slightly overpredicts the amount of work stored in the first load cycle
at all strains. For the second load cycle, the model slightly underpredicts the amount of work
dissipated at all strains, consequently overpredicting the amount of work stored at all strains,
though again, in all cases, the predictions are quite accurate. For the proximal section, the
model predicts the experimental behavior at all strains, though slightly underpredicts the
amount of work dissipated in the first load cycle, with the percent error increasing with
strain. Consequently the model overpredicts the amount of work stored in the first load
cycle, again with the percent error increasing with strain. The model’s prediction of work
dissipated in the second load cycle is quite accurate, with the the model underpredicting
the amount of work dissipated at low and intermediate strains and slightly overpredicting
the work dissipated at high strains. Consequently, the model overpredicts the amount of
work stored at all strains, with the percent error again increasing with strain. The values for

total, stored, and dissipated work density for the distal and proximal thread sections (both
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Figure 97: Work density vs. true strain for two cycle loading of the distal thread section (experimental
results are shown in filled symbols) and the model of the distal thread section (the model’s predictions are
shown in unfilled symbols). Circles correspond to the amount of work dissipated during loading to the given
strain in the first load cycle. Triangles correspond to the amount of work stored during loading to the given
strain in the first load cycle (as calculated by measuring the unloading response). Squares correspond to the
amount of work dissipated during loading to the given strain in the second load cycle. Stars correspond to
the amount of work stored during loading to the given strain in the second load cycle.

experimental values and the model’s predictions) are given in Tables 10 and 11 respectively.

These results serve as another way to show that that the final model captures the cyclic

behavior of these materials.

Strain Cycle 1 Cycle2

Total Dissipated | Stored Total Dissipated | Stored

(MPa) | (MPa) (MPa) (MPa) (MPa) (MPa)
0.17 | Experimental | 4.55 2.21 (49) | 234 (51) |3.1 1.00 (32) | 2.10 (68)
0.17 Model 4.31 0.56 (13) | 3.74 (87) | 4.16 0.45 (11) | 3.71 (89)
0.33 | Experimental | 14.5 9.20 (63) |5.31(37) | 7.76 3.08 (40) | 4.69 (60)
0.33 Model 15.23 9.27 (61) | 5.97 (39) |8.49 2.51 (30) | 5.98 (70)
0.64 | Experimental | 45.61 | 35.0 (77) | 10.6 (23) | 16.84 7.71 (46) | 9.14 (54)
0.64 Model | 46.98 | 358 (76) | 11.2 (24) | 16.67 5.62 (34) | 11.1 (66)

Table 10: Values of total, stored, and dissipated work at four different strain levels for two-cycle loading
of the distal thread section (experimental results and the model’s predictions). The actual values of work
(total, stored, and dissipated) are given in the table, with the percentage of the total that is stored and
dissipated shown in parentheses.
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Figure 98: Work density vs. true strain for two cycle loading of the proximal thread section (experimental
results are shown in filled symbols) and the model of the distal thread section (the model’s predictions are
shown in unfilled symbols). Circles correspond to the amount of work dissipated during loading to the given
strain in the first load cycle. Triangles correspond to the amount of work stored during loading to the given
strain in the first load cycle (as calculated by measuring the unloading response). Squares correspond to the
amount of work dissipated during loading to the given strain in the second load cycle. Stars correspond to
the amount of work stored during loading to the given strain in the second load cycle.

Strain Cycle 1 Cycle2
Total Dissipated | Stored Total Dissipated | Stored
(MPa) | (MPa) (MPa) (MPa) (MPa) (MPa)
0.16 | Experimental | 0.48 0.27 (56) | 0.21 (44) | 0.39 0.19 (48) | 0.20 (52)
0.16 Model 0.42 0.17 (40) | 0.25 (60) | 0.32 0.08 (25) | 0.24 (75)
0.4 | Experimental | 3.04 2.11 (70) | 0.92 (30) |1.82 1.00 (55) | 0.82 ( 45)
0.4 Model 3.28 2.12 (65) | 1.16 (35) | 1.75 0.61 (35) | 1.14 (65)
0.57 | Experimental | 6.88 5.50 (80) | 1.38 (20) | 2.83 1.60 (57) | 1.23 (43)
0.57 Model 7.16 5.01 (70) | 2.15(30) | 3.31 1.21 (37) | 2.10 (63)
0.75 | Experimental | 13.76 11.8 (85) |2.00 (15) | 3.36 1.64 (49) | 1.72 (51)
0.75 Model 13.03 9.88 (76) |3.14 (24) |5.01 3.08 (61) | 1.93 (49)

Table 11: Values of total, stored, and dissipated work at four different strain levels for two-cycle loading of
the proximal thread section (experimental results and the model’s predictions). The actual values of work
(total, stored, and dissipated) are given in the table, with the percentage of the total that is stored and
dissipated shown in parentheses.
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Material Recovery As a final check on the robustness of the constitutive model, simula-
tions of cyclic loading with hold time (like the experimental data shown in Figures 31 and
39) were conducted. Results of the simulations are shown in Figures 99 and 100. As can be
seen, the model captures the general behavior i.e. for load-unload-hold-reload-unload, the
material exhibits an initially stiffer response upon reloading than for the same test without a
hold time. However, the time scale for stiffness recovery is significantly accelerated. Whereas
in the experimental data, in the intermediate/high strain regime (the strain regime shown
in Figures 99 and 100), the maximum recovery was seen to take as long as 25 minutes, the
simulation predicts a recovery to this level in less than 3 minutes. So, although the general
trend is correct, the values of the parameters for the refolding equation (the o, X,, and
exponents) are not adequate to get the most accurate fit to all experimental results.
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Figure 99: Stress-strain curves for simulations of load-unload-hold-reload of distal thread section loaded
at a nominal strain rate of 1s~!. The arrow shows the simulation’s prediction of the material response with
increasing hold time. The hold time shown here is 300s.

Note here that the stiffness recovery predicted by the model only occurs at very low

strains. For higher strains, the reloading after hold curve follows the initial reloading curve
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Figure 100: Stress-strain curves for simulations of load-unload-hold-reload or proximal thread section
loaded at a nominal strain rate of 1s~!. The arrow shows the simulation’s prediction of the material
response with increasing hold time. The hold time here is 300s.

exactly. This is because the unfolding occurs more quickly during reloading than in the
virgin material (due to the exponential dependence on )‘4‘%) The experimental results
demonstrate that the material will be stiffer throughout the reload. This effect can be
captured with the current model, but would require that the exponential on the iﬁ%‘fﬂ term
L.e. c3 evolve during the hold period. For example, if, as the hold time (t) goes to infinity
(t — 00), the exponential term c3 goes to zero, the material would fully recover, and the
reloading curve would follow the initial loading curve. We do not postulate the actual form

of such a time-dependent c3 equation here.

3.6 Review of the final constitutive model

A brief review of the phenomenological model developed for the stress-strain behavior of
mussel byssal threads is given here. The values of the mechanical properties used in the

model are given in Table 12.
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Material Property | Distal | Proximal | Material Property | Distal | Proximal
d [nm)] 9 9 E[GPad] 23 300
6o [o] 25 55 p[M Pal 3 1
v 0.49 0.49 Ty, [nn] 9.1-107%[1.3-107¢
ay [s71] 1-107° | 1-107% z, [nm] 1-107* | 5-107°
ar [s77] 90 60 Aomaz 4 10
Qe [571] 1-1071 [ 1.10716 Q [nm] 55-107* [ 1.1-1074
n -1.5 -2.5 co 1.5-107%] 9-107°
¢ 0.8 5 Co -0.1 0.1
C3 6 7 Cq -3 -4

Table 12: Parameters used in the phenomenological model. d is the diameter of the fiber, E is the fibers’
Young’s Modulus, 6 is the initial fiber orientation, u is the shear modulus of the matrix, v is the Poissons
ratio of the matrix, z,, is the activation length for unfolding, o, is the activation energy for unfolding, z, is
the activation length for refolding, c, is the activation energy for refolding, Armqz is the maximum locking
stretch, awe is the activation energy for the dashpot, € is the activation length for the dashpot, and n, co,

¢1, ¢z, ¢3, and cq are constants in the fiber force and unfolding/refolding equations.

The constitutive model takes the protein filament bundles to be the major load bearing

constituent in the material, with the force stretch behavior of the protein bundles given by:

in the folded domains, and:

fm = EA()‘m - 1)

in the straight rod domain. Force equilibrium requires that these forces be equal:

fm=fe

The stretch in each domain is additively decomposed from the overall fiber stretch:

Ly=Ly+ L.
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Lf _Lm-l-Le

A\ =
/ Lfo Lf()

(71)

ArLo = AmLmo + AeLeo (72)

The unfolding and refolding of the folded protein domains is given by the Eyring-type equa-

tion:

JeX (’\LMaz ) i ( Aunload) @

XL = Qy (/\LMaac - )‘L)q €xXp KB® >\L
cq _fX
)\ nloadar ()\L — /\LMm) exp [ K;@u (73)

The individual bundles are grouped into a network using the Bertoldi (Bertoldi and
Boyce, 2007) network model, where each bundle is taken as one of the chains of an eight-

chain orthotropic unit cell. The network stress is given by:
Vo 1
Oani = 0 Z 5, [EATe (Am — 1)] vl @ v(® (74)

This network stress is summed with an isotropic matrix stress, which is described by the

compressible Neo-Hookean constitutive model:

(B —1)+ K (J—1)I (75)

Oiso =

Si=

In this case, the matrix is taken to be non-linearly viscoelastic, where the deformation

gradient is decomposed into elastic and viscous components, F = F°F", with the rate of
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evolution of the viscous part of the deformation gradient given by:

F’ =Fe! (70 sinh { Igg@J N”) FeFY (76)

The model captured all major aspects of the material mechanical behavior, including
the non-linear monotonic loading behavior, material rate-dependence, hysteresis, and cyclic
softening. Figures comparing the experimental data to the model for monotonic loading at

different strain rates (Figures 101 and 102), and for cyclic loading (Figures 103 and 104) are

shown here.
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Figure 101: Stress-strain curves for monotonic loading of distal thread section at three nominal strain

rates (1s71, 0.1s7!, and 0.01s7!). Experimental results are shown with solid lines; model results are shown
with dashed lines.
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Figure 102: Stress-strain curves for monotonic loading of proximal thread section at three nominal strain
rates (1s7', 0.1s7!, and 0.01s™!). Experimental results are shown with solid lines; model results are shown

with dashed lines.
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Figure 103: Stress-strain curves for load-unload-reload of distal thread section at three different strain
levels. Experimental results are shown with solid lines; model results are shown with dashed lines.
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Figure 104: Stress-strain curves for load-unload-reload of proximal thread section at three different strain
levels. Experimental results are shown with solid lines; model results are shown with dashed lines.
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4 Full Thread Simulations

A three dimensional (3-D) model of the full thread was constructed using SolidWorks. The
dimensions used for the full thread model were the average dimensions of the full threads
after the adhesive plaque and the hoop connecting the proximal section to the stem were
removed (proximal thread section 4.9mm in length, transition section 3.3mm in length, and
distal section 9.9mm in length). The cross-section of the distal section was circular, with a
diameter of 0.12mm. The cross-section of the proximal section was elliptical, with a minor
axis of 0.12mm, and a major axis of 0.26mm. In order to ensure a smooth transition in cross-
section from the proximal to the distal thread section, the SolidWorks ‘loft’ feature was used
to construct the transition section. The SolidWorks model was imported into ABAQUS, and
the mesh was constructed using ABAQUS CAE.

The quarter symmetry of the thread was exploited in the model to reduce the model
size, where only one quarter of the thread was modeled using 4325 elements of type C3D8R
(Figure 105 shows the meshed model as well as a plot of how the cross-sectional area of the
model varies along the model’s length). Appropriate boundary conditions were applied to
the longitudinal sections to capture the symmetry i.e. the nodes on the faces were allowed
to move radially and in the direction of loading, but were not allowed to move out of the
plane. The material models developed in the previous chapter for the proximal and distal
thread sections were used to simulate the stress-strain behavior of the related sections with

a transition of these behaviors in the transition region.

4.1 Modeling the Thread’s Transition Region

The transition section presents a problem with regards to simulating full thread loading,
as it is difficult to mechanically test the properties of the transition region (a tension test

would be unable to sample the stiffness at a specific point, and the short nature of the section
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Figure 105: The 3-D meshed quarter geometry model of the full thread (left), and a plot of how the
cross-sectional area of the thread model (full cross-section) varies along the model’s length (right).
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would give rise to gripping issues). It may be possible to ascertain some of the properties
via nano-indentation, but such a technique was not utilized in this work. Thus, like the
geometry, the mechanical properties are assumed to transition smoothly in the transition
region. The transition region was divided into sections of equal length (either a discrete
jump from proximal to distal with no section, one transition section, two transition sections,
four transition sections, or eight transition sections), and the material properties used for
each section were the appropriate fractions of the difference between the given material
properties of the proximal and distal sections. For example, the value of c3 (the exponent
applied to ’\—“j\%@i in the locking stretch evolution equation) in the proximal thread section is
7, while the value of c3 in the distal thread section is 6; for the model with only one transition

section, 6.5 was used for cs.
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Figure 106: Stress-Strain behavior for the different thread sections when the thread is modeled as having
no transition regions.

To show how the properties used for each section of the transition region acted to tran-
sition the behavior from proximal to distal, the resulting stress-strain curves are compared

in Figures 106, 107, 108, 109, and 110. Additionally, the initial stiffness of each section
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Figure 107: Stress-Strain behavior for the different thread sections when the thread is modeled as having
one transition region.
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Figure 108: Stress-Strain behavior for the different thread sections when the thread is modeled as having
two transition region.

(proximal, distal, and each transition section) is plotted as a function of length along the

thread in Figure 111
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Figure 109: Stress-Strain behavior for the different thread sections when the thread is modeled as having
four transition region.
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Figure 110: Stress-Strain behavior for the different thread sections when the thread is modeled as having
eight transition region.
Finally, it is important to realize that the ‘jumps’ in material properties will give rise

to strain concentrations, which will then lead to stress concentrations, since the straining
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Figure 111: Stiffness as a function of distance along the thread for the quarter thread finite element model.
All ‘sectionings’ of the transition section are shown, from the case where there is no transition region (upper
left) to the case where there are eight transition regions (lower right).
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will give localized changes in cross-section. Ideally, each individual row of elements in the
transition region would be given its own mechanical properties to ensure a perfectly smooth
transition, and even this would not give a truly smooth transition. One could then compare
this ideal case (the case with a fully smooth transition) to the discrete transitioning that will
be presented here. The trend towards this limit will be evident by the trend in increasing

the number of transition sections.

4.1.1 Stress and strain contours

Stress and strain contours for the entire thread are difficult to show in this thesis, since
the aspect ratio of the thread is such that the contours are difficult to see. In general,
the stress and strain in the proximal and distal thread sections is uniform (because the
cross-section and mechanical properties of these sections are uniform), while the gradients
in the transition section can be quite large. The stress contours for the transition section at
nominal macroscopic strains, i.e. the nominal strain applied to the overall thread, of 0, 0.08,
0.16, 0.24, 0.32, and 0.4 are shown in Figure 113 (Figure 112 shows the full thread with the
transition section highlighted to provide a reference for the contour plots presented here and
throughout this section). The strain contours for the transition section at the same nominal
strains (leaving out the undeformed image) are shown in Figure 114.

As can be seen in Figure 113, the stress contours transition smoothly at small strains, but
become more discrete in nature as strain increases. The reason for the apparent increasing
discreteness is that the strain has localized in some of these regions leading to large axial
gradients in the axial stress. Because of the nature of the uniaxial loading, the axial force
is necessarily uniform along the thread’s length. Because of the different constitutive rela-
tionships used in each thread section, a given stress will give rise to different strain in each
region of the model. The difference in strain will cause the area of each section to change

non-uniformly (if one section strains more than its neighbor, then its area will neck in more
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Figure 112: The full thread model during loading. As can be seen, the stress contours in the proximal
and distal sections are homogeneous. In the transition section (highlighted with horizontal lines) the stress
gradients can be large.
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for the thread at a macroscopic strain of 0.1.
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Figure 117: Local stress, local strain, normalized local strain, and locking stretch as a function of distance
along the thread for loading at a macroscopic strain of 0.1. Horizontal dashed lines correspond to the points
where the geometry begins to transition. Values shown are the values of the quantities in the distal and
proximal sections.

As can be seen, the stress and strain contours transition relatively smoothly throughout
the thread. The smoothest transition is seen in the stress, as is to be expected since the
stress is simply the axial load on the thread divided by the cross-sectional area of the section.
The strain contours transition smoothly (though less smoothly than the stress contours),
with the majority of the initial strain (macroscopic strain less than 0.1) compensated by
the proximal section and the transition section closest to the proximal section. For this
low strain regime the distal section, and the three transition sections closest to the distal,
experience relatively (relative to the strain in the proximal section) little strain, with the
distal section experiencing almost zero strain. This result meshes well with what could be
expected from the stiffness values of the different sections i.e. the most compliant regions
(proximal and transition region closest to the proximal section) compensate the majority of

the macroscopic strain.
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Similarly, in the low strain case, the locking stretch does not significantly evolve in the
distal and transition sections, while it begins to evolve in the proximal section (note that
the locking stretch evolves a great deal in the proximal section relative to the distal and
transition sections, but the magnitude of the locking stretch in the proximal section is still
low - 1.1). This too is to be expected from the plots of locking stretch evolution shown in the
constitutive modeling section of this thesis, since the locking stretch in the proximal section
evolves at very low stresses (loads), while the locking stretch in the distal section does not
significantly evolve until higher stresses. In the transition section, the evolution of locking

stretch begins at intermediate stress levels (see Figure 109).
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Figure 118: Local stress, local strain, normalized local strain, and locking stretch as a function of distance
along the thread for loading at a macroscopic strain of 0.2. Horizontal dashed lines correspond to the points
where the geometry begins to transition. Values shown are the values of the quantities in the distal and
proximal sections.

Figures 118, 119, and 120 show similar plots for the same simulation (4 sections within
the transition region), but for overall macroscopic strains of 0.2, 0.3, and 0.4. As can be

seen, the stress continues to transition (relatively) smoothly throughout loading. For the two

intermediate macroscopic strain cases (0.2 and 0.3), the stress appears to localize slightly
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Figure 119: Local stress, local strain, normalized local strain, and locking stretch as a function of distance
along the thread for loading at a macroscopic strain of 0.3. Horizontal dashed lines correspond to the points
where the geometry begins to transition. Values shown are the values of the quantities in the distal and
proximal sections.
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Figure 120: Local stress, local strain, normalized local strain, and locking stretch as a function of distance
along the thread for loading at a macroscopic strain of 0.4. Horizontal dashed lines correspond to the points
where the geometry begins to transition. Values shown are the values of the quantities in the distal and
proximal sections.
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(for the case of 0.2 macroscopic strain the stress localizes in the two transition regions closest
to the proximal thread end, while for the case of 0.3 macroscopic strain the stress localizes in
the two transition regions closest to the distal thread end). As discussed above, this result
is not unexpected, as the localization of strain in the different thread sections will give rise
to necking which will affect the stress in the section.

The strain contours in these intermediate macroscopic strain ranges begin to smooth out
(from the skewed strain distribution seen at the lowest macroscopic strain), with the strain
in the transition regions increasing. In spite of this smoothing, the ‘jump’ in strain from the
proximal thread section to its nearest neighbor transition section is still quite large, while
the ‘jump’ in strain from the distal thread section to its nearest neighbor transition section
is relatively small.

For the case of a macroscopic strain of 0.2, the strain difference between the distal and
its nearest neighbor transition section is especially low, while the strain difference between
the proximal section and its nearest neighbor transition section is large (though smaller than
in any of the other cases). Again, this corresponds well with the stress contours, since the
stress is especially high in the proximal end of the transition section and especially low in
the distal end of the transition section. For this strain, the locking stretch remains low in
the distal section, though it increases in the transition and proximal sections, implying that
microstructural evolution is occurring in the majority of the thread. Again, this result is to
be expected from the stress-strain curves (Figure 109).

For the case of a macroscopic strain of 0.3, the strain difference between the proximal
section and its nearest neighbor transition section is again quite high, while the difference
between strain in the distal section and its nearest neighbor section is again low. In this case,
the strains in the other transition sections are slightly closer to that seen in the distal section,
which gives rise to the low stresses in the transition section for this macroscopic strain.

For this macroscopic strain, locking stretch evolution (and consequently microstructural
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evolution) has begun in all thread sections except the distal.

For the case of a macroscopic strain of 0.4 (the highest strain case), the straining in the
distal region has now begun to more significantly contribute to the overall strain. As macro-
scopic strain (and overall load) increases, the thread begins to incrementally strain more
evenly amongst sections. Here, the higher load magnitude has activated the microstructural
evolution in all thread sections even the distal, where the small value of locking stretch in
the distal section implies that the structural evolution in this section has only just begun.

It is important to realize that the values given above, and plotted in Figures 117 - 120,
are the values of these properties taken at the midpoint of each section i.e. ‘average values’
in each section. Because the area transitions, the strain and stress in each section will not be
constant, rather ‘extreme’ values of stress and strain will appear at the interfaces between
sections. Looking at the ‘extreme’ strain value at the interface between the transition section
and the proximal section and between the transition section and the distal section can lend
insight into the lower-than-expected value of failure strain in the full thread. For the highest
macroscopic strain case (macroscopic strain of 0.4), the strain at the proximal-transition
interface is 0.62, while the strain at the distal-transition interface is 0.23. Although these
values are less than the failure strain in either section individually, it is apparent that the
values of strain at these interfaces (especially at the proximal-transition interface) are tending
towards the failure strain of the individual sections rapidly. Note that this will also be heavily

dependent on the number of transition sections used.

4.2 Load-Strain Behavior

From the previous section’s discussion of the ‘smoothness’ of the transition of stress and
strain in the thread (based on the number of discrete sections in the transition region), it
is apparent that a smooth transition of mechanical properties is necessary in order to avoid

strain and stress concentrations in the material. However, this analysis provides little insight

167



into how the smoothness of the transition of mechanical properties affects the load-strain
behavior of the thread. To gain insight into this aspect of the thread’s behavior, the load-
strain response of the model for each simulation (0 transition sections, 1 transition section, 2

transition sections, 4 transition sections, and 8 transition sections) is plotted in Figure 121.
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Figure 121: Load-strain curves for loading and unloading of mussel byssal threads at a nominal strain
rate of approximately 0.1s~!. Solid line corresponds to 8 discrete sections in the transition, dashed line
corresponds to 4 discrete sections in the transition, dotted line corresponds to 2 discrete sections in the
transition, dotted-dashed line corresponds to 1 discrete section in the transition, and solid line with dots
corresponds to zero section in the transition. Note that the test with no transition region does not show
unloading, because for this test the large stress concentration at the transition caused a distorted mesh as
unloading began.

As can be seen, the number of sections used to model the transition region does not have
a major effect on the overall thread load-strain curves, with the exception that for the zero
transition case, the model predicts a more compliant response throughout loading than in
any of the other cases. The number of transition sections does slightly change the ‘yield’
stress in the simulations as well as the slope of the post-‘yield’ curve, though this is likely

a result of the mechanical properties chosen for the transition sections as opposed to the

actual number of sections, since there is no obvious pattern for the change in ‘yield’ stress
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i.e. the yield stress is highest in the 4-section model, and lowest in the 8-section model, with

the 1- and 2-section models falling in between.
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Figure 122: Experimental full thread load-strain curves (heavy black line), the load-strain curve predicted
by the 4-section model (dashed line), and the load-strain curve predicted by the 8-section model (solid line).

Figure 122 shows the load-strain response for the 4- and 8-section case (dashed and solid
lines respectively) compared to the experimental results (solid lines). As can be seen, the
model significantly underpredicts the load for all strains. However, the curves are similar.
In both cases (experimental results and both simulations) the load-strain curves exhibit an
initially stiff response, followed by a smooth rollover-type ‘yield’, and a roughly constant
post-‘yield’ tangent stiffness. In all cases the unloading is non-linear with a stiffness roughly
equal to the initial stiffness.

The most likely reason for the discrepancy between the experimental results and the
models’ predictions is the time of year in which the specimens were collected. As discussed in
the mechanical testing section of this thesis, the stiffness of blue mussels is heavily dependent
on season, with the strongest (stiffest) threads produced in late winter/early spring, and the

weakest threads produced in late summer [20]. Recall that the data on the distal and
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proximal sections were collected on ‘summer’ mussels, while the data on the full threads was
collected on ‘winter’ mussels. The constitutive models for the distal and proximal sections
reflect ‘summer’ mussels and hence the full thread simulations reflect the behavior of the
full threads of ‘summer’ mussels. The experimental curves reflect the behavior of the full
threads of ‘winter’ mussels. However, noting that the stiffness of mussel threads decreased by
approximately 60% from ‘winter’ mussels to ‘summer’ mussels in the Moeser and Carrington
study, the experimental results can be scaled to account for this seasonal variation. The load-
strain behavior for the scaled full threads are plotted against the results from the simulations
in Figure 123. This result implies that seasonal variation in stiffness could certainly account

for the discrepancy in stiffness highlighted in Figure 122.
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Figure 123: Load-strain curves for the experimental results taking into account the variation in stiffness

from early spring to late summer i.e. at 40% the original stiffness, and for the simulation using the thread
model with 8 sections in the transition region.
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4.3 Evolution of Strain in the Proximal and Distal Thread Sec-
tions

As shown in Figure 51, the strain in each section (proximal and distal only, here the transition
section is not shown since the strain varies throughout the transition) of the thread can be
measured by videotaping the evolution in deformation during loading. Similarly, the strain
in each section of the finite element model during loading can be monitored. Figure 124
shows the strain in each section of the model during loading. As can be seen, the strain
in each section is roughly linear, with the strain in the proximal section much greater than
the strain in the distal section. This result corresponds well with the previous discussion
of relative stiffness in the two regions, as well as the discussion of locking stretch evolution
in the distal section during loading. As highlighted in that discussion, initially the strain
should be compensated by the proximal section, but after the distal section yields, the strain
should be compensated by the distal section. As highlighted in the locking stretch evolution
discussion, the locking stretch in the distal section of the model does not begin to evolve
until the end of loading (only at the highest macroscopic strain is any evolution seen, and
even at that highest macroscopic strain, the evolution is very slow). Thus, with no real yield
in the distal section, no change in the slope of the local strain-macroscopic strain curves
would be expected.

Strong agreement between the experimental results and the model’s predictions are seen
regarding the strain in the distal section vs. that seen in the proximal section up until a
macroscopic strain of € = 0.2. After this strain, the experiment and simulation depart,
where the experiment reveals that the distal begins to significantly strain (suggesting that
unfolding has begun), while the strain in the proximal section begins to taper off. The
simulation has not yet reached this point, and the distal sections remains in its initial linear

stiffness regime. Thus, the simulation predicts that the distal strain vs. macroscopic strain
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Figure 124: Local strain vs. macroscopic strain for the model (8 sections in the transition region).
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Figure 125: Local strain vs. macroscopic strain for loading simulations of the full thread model at a
nominal strain rate of 0.1s71.

(and consequently the proximal strain vs. macroscopic strain) curves remain roughly linear.

However, the transition section has begun to unfold/evolve, which accounts for the yield
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Figure 126: Local strain vs. macroscopic strain for loading simulations of the full thread model at a
nominal strain rate of 0.1s~! to a maximum macroscopic strain of 0.8
seen in the load-strain curve.

As stated above, the maximum macroscopic strain applied in this simulation corresponds
to the macroscopic strain at which unfolding in the distal section begins. Thus, a simulation
going to a higher strain should predict a change in the slope of the local strain-macroscopic
strain curves similar to that seen in the experimental results. Figure 126 shows the local
strain vs. macroscopic strain curves for a simulation going to a macroscopic strain of 0.8.
As can be seen, at a strain of approximately 0.4 (the maximum macroscopic strain in the
previous simulation) the model predicts that the strain will begin to increase more rapidly
in the distal section and more slowly in the proximal section. However, even in this case,
the sharpness of the change in slope of the distal section is not as prominent as in the
experimental results.

Again, it is possible that this discrepancy is a result of the seasonal variation in the
mechanical properties of the threads (if the distal section is stiffer in winter threads, and the

unfolding event occurs at the same force, the yield will occur at a smaller strain). Indeed,
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for a more compliant proximal section (the proximal section is much more compliant than
the distal section regardless of season), the distal section will experience a smaller local
strain than the macroscopic strain applied. Since the ‘yield’ event (as measured by the
rapid increase in distal strain) occurs at a macroscopic strain of 0.2 - 0.25, which should
correspond to a local strain in the distal section of less than 0.1, it is unlikely that the distal
section yields at the same strain in winter and summer threads (note that the rollover in
the simulation’s load-strain curves is correlated with ‘yield’ in the transition region). It is
not possible to account for a seasonal variation in the strain at unfolding in the same way
as accounting for the stiffness of the thread. But, it is possible to change the geometry of
the model so that the distal section yields earlier.

Another possible reason for this discrepancy is that the experimental results may really
be sampling the strain in the transition region close to the distal section. As stated in the
mechanical testing section of this thesis, because of the small size of the threads it can be
difficult to pinpoint exactly where the distal (or proximal) section ends and the transition
region begins.

This simulation also serves to highlight another point discussed above (that of ‘extreme’
local strain causing failure in the full thread). For this simulation the strain at the prox-
imal/transition interface is approximately 0.95. Again, this strain is less than the average
failure strain in the proximal thread section. However, it is close to the failure strain in the
distal section (the failure strain in the distal section is 0.88, here the true strain is approxi-
mately 0.7), and could certainly be greater than the average failure strain in the transition

section.

4.4 Varying the section lengths

One way to change the geometry so that the distal section yields prior to a macroscopic strain

of 0.4 is to vary the lengths of the sections (proximal, distal, and transition). A full range
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of simulations, varying the lengths of each section separately is not discussed in this thesis.
However, to highlight this feature (changing section lengths gives different behaviors), the
proximal and distal sections of the thread were shortened by 3mm, giving an overall thread
length of 12.1mm. The load-strain curves comparing the results of these simulations with

the results of the previous simulations and the experimental data are shown in Figure 127.
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Figure 127: Load vs. nominal strain for full thread simulations and experimental results (with the reduced
stiffness). The heavy black line corresponds to experimental results. The dashed line corresponds to the
simulations using the average section lengths (8 transition sections). The light solid line corresponds to the
simulation using the shortened proximal and distal section length (also with 8 transition sections).

As can be seen, the load-strain response of the shortened thread has a higher initial
stiffness, a slightly lower ‘yield’ strain (higher ‘yield’ stress), and predicts a stiffer response
post-‘yield. This is to be expected, since in cutting 3mm off of the proximal section, 61% of
the sections overall length is removed, while for a cut of the same length in the distal section,
only 30% of its original length is removed. Essentially, this variation forces the entire thread
to act more like the distal section.

Local strain vs. macroscopic strain curves for the experimental results, the 4-section long

model, and the short model are shown in Figure 128. As can be seen, the short model does a
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Figure 128: Local strain vs. macroscopic strain for experimental tests of the full thread (squares correspond
to proximal strain, and circles correspond to distal strain), simulations using the 8-section long model (solid
lines) and the short model (dashed lines).

much better job of predicting the strain in the proximal thread section throughout the range
of loading (though again the prediction is slightly high for all strains). Again, the model
fails to capture the strain in the distal thread section, underpredicting the local strain at
high macroscopic strains. Such a result implies that the model is not capturing the dramatic

nature of the ‘yield’.
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5 Conclusions and Future Work

A comprehensive set of uniaxial tensile tests was conducted on mussel byssal threads (in-
dividual thread sections and full threads) to characterize the mechanical behavior of this
material. The stress-strain behavior was found to vary along the length of the thread, with
the distal behavior characterized by a stiff, relatively rate-independent initial modulus, a
rate-dependent ‘yield’ event, a post-‘yield’ stress plateau, and significant hardening at high
strains. In unloading the distal behavior is characterized by a highly non-linear response,
revealing the large post-yield deformation to be strongly dissipative with the proportion of
energy dissipated increasing with an increase in the strain of the loading cycle. In reloading
the distal behavior demonstrates a more compliant response (relative to the initial load-
ing behavior), with the stiffness of the reloading behavior increasing with the amount of
time between cycles. The proximal section demonstrates a much more compliant response
characterized by a roughly linear true stress-true strain response up to high strains. Like
the distal section, the proximal stress-strain behavior is highly rate-dependent, demonstrat-
ing increased stiffness for increasing applied strain rate at all strain levels. In unloading,
the proximal section exhibits a highly nonlinear unloading behavior revealing the deforma-
tion to be highly dissipative, with the amount of dissipation increasing with the maximum
strain of the loading cycle. Again, as in the distal section, in reloading the proximal be-
havior demonstrates a more compliant and highly nonlinear reloading response (relative to
the initial loading behavior), with the stiffness of reloading increasing with the amount of
time between load cycles. Full threads demonstrated an initially stiff response, with a soft
‘rollover’-type yield (similar to that seen in the distal section, but with a gentler rollover).
Like the proximal and distal thread sections, the full thread demonstrated a non-linear un-
loading response revealing a highly dissipative behavior.

Using the mechanical behavior together with microstructural descriptions of the material
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collected from the literature, a microstructurally-informed constitutive model of each ma-
terial (distal and proximal sections separately) was developed. The model, which is based
primarily upon the behavior of protein networks and the unfolding of ‘giant folded-domain
proteins’, captures the stretching and unfolding of proteins in a 3-D network. During the
development of the final constitutive model, several models for the mechanical behavior of
proteins (with special emphasis paid to the mechanics of protein unfolding) were investi-
gated, and the merits and flaws of these models were discussed. The final model is able to
capture all of the major components of the mechanical properties of both the distal and the
proximal thread sections, including the initial stiffness, the rate-dependence, the ‘yield’ in
the distal section, the non-linear unloading, the large hysteresis, the cyclic softening, and
the time-dependent reloading behavior.

These material models were then implemented into a 3-D nonlinear finite element model
of the full thread, and simulations of loading were conducted on this thread model. The
model predicted the load-strain behavior of the full thread well, as well as the strain in
each section of the thread during loading (as was acquired via video imaging of full thread
loading experiments). The model provides insight into the structure and function of graded
materials, as both the geometry (cross-sectional area) and the mechanical properties of the
thread vary from the distal thread section to the proximal thread section.

The model developed and outlined herein provides a straightforward method for the
modeling of mechanically-induced protein unfolding, and can be applied to the unfolding
of any long-chain macromolecule. The 3-D finite element model provides insight into ma-
terials and structures with graded properties, and demonstrates how the ‘smoothness’ of
the transitions (i.e. the smoothness of the transitions in geometry and the smoothness of
transitions in mechanical properties) of a graded structure affects the loading behavior of
the structure. Further, the 3-D model elucidates the role of microstructural evolution in

load-sharing between connected materials, and demonstrates how two materials can interact
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to maximize the amount of dissipation in a structure, without sacrificing resiliency. Finally,
the 3-D model provides insight into the underlying mechanisms for connecting soft tissues
to hard substrates, especially with regards to the role of the distal section’s stress-plateau in
limiting the maximum level of stress transmitted to the connection.

Although this thesis discusses several interesting properties and behaviors of mussel byssal
threads, there are many aspects of these threads that remain to be investigated. First, the
properties of the transition region should be investigated (most likely via nano-indentation).
With this information, a better 3-D finite element model can be constructed. In its current
state, the model uses a smooth but discretized and linear transition of mechanical properties.
The actual transition in material properties would be continuously smooth and may not be
linear. Second, different thread models should be built, varying the lengths of the proxi-
mal, distal and transition sections. Such models (both models with different section lengths
and models that use different mechanical properties for the transition section) can help to
elucidate novel and optimal methods of designing and building graded structures. Finally,
the interaction between the thread and the stem and also between the thread, plaque, and
rock should be investigated, and simulated. Such simulations could provide a better under-
standing of the slipping/locking (depending on the direction of pulling) interaction between
the thread and the stem and of the soft-to-hard connection interaction between the thread,

plaque, and rock, which are themselves interesting engineering applications.
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6 Appendix I: Determination of Material Parameters

Table 12 gives the final values of the mechanical properties used in the proximal and distal
thread models. Several of these parameters are taken from previous literature (e.g. the
length and cross-sectional area of the fiber bundles is taken from Hassenkam et. al. [11]),
while others (like the Young’s Modulus of the filament bundles and the shear and bulk moduli

of the matrix) must be determined experimentally.

6.1 Determination of the fiber Young’s Modulus

The fiber bundles’ Young’s Modulus can be determined by looking at stress-stretch curves
(see Figure 129). For the distal thread section, the initial stiffness of the curves is the same
at all strain rates, and unfolding of folded protein domains does not occur until a true strain
of approximately 0.2. Further, the bundles are more aligned (relative to the proximal thread
section) with the thread axis. Thus, we infer that the initial stiffness seen in the stress-strain
curves corresponds to the derivative of the fiber network stress with respect to stretch.
Noting the value of the slope shown in the figure (approximately 316 M Pa), the derivative
of the network stress with respect to stretch is calculated. For this derivative, the angle of
orientation is ignored, the stretch in the middle section is approximated as the overall fiber
stretch, and the determinant of the deformation gradient is taken to be one. These approx-
imations introduce a slight error into the calculated value of E, but make the calculation of
the derivative trivial. The derivative becomes:
gTTf = vEArg (%) (77)
Evaluating this function at a stretch of 1 i.e. taking the initial slope of the curve, yields

a Young’s Modulus of approximately 80GPa. In the final model, 23G Pa is found to best

match the experimental results. Thus, this method provides an estimate of the Young’s
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Figure 129: Stress vs. stretch for the distal thread section. A point on the curve in the initial linear elastic
regime (stretch = 1.07, stress = 29.33M Pa) is highlighted to show the initial slope of the stress-stretch

curve).
Modulus, not an exact value.

Estimating the Young’s Modulus for the proximal thread section is more difficult. In this
case, the fibers are not aligned with the thread axis, so the initial slope of the stress-stretch
curve will be more compliant as the fibers rotate and align with the axis. Further, unfolding
begins right away in the proximal section, causing the stress-stretch behavior to be even
more compliant. However, the initial unloading curve can give an estimate of the Young’s
Modulus, if we assume that the inner rod-like domain is much stiffer than the folded end
domains. This is because for unloading two springs in parallel, the stiffer spring will unload
first, followed by the more compliant spring. In this case, this means that the rod-like domain
will unstretch first, followed by the end domains.

Thus, looking at the experimental results (Figure 130), the slope of the initial unload-
ing curve can be determined to be approximately 500M Pa. Taking the same derivative,

and using the same approximations gives a value of the Young’s Modulus of approximately
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Figure 130: Stress vs. stretch for the proximal thread section. Two points at the beginning of the unloading
curve are shown to highlight the initial slope of the unloading curve.

2625G Pa. Again, this is very close to the final value of 3000G Pa, which was used in the

counstitutive model.

6.2 Determination of the Unfolding Constants

As discussed in the constitutive modeling section of this thesis, initially a linear locking

stretch evolution equation was used. This equation:

. X,
AL = 0y (ALMaz — AL) €XP [%@'} (78)

can be rearranged to form an equation for force as a logarithmic function of the rate of

locking stretch evolution:

f1 X, = K5Ol (XL) — K5Ol [y (Mrtas — Ap)] (79)
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Thus, plotting force vs. the logarithm of the rate of locking stretch evolution yields a straight
line. The equation of this line can be fit to the above equation, yielding values for X, and
Q.-

Again, as in the case of the Young’s Modulus derivation above, several approximations
must be made, and the values acquired for X, and o, will be approximate values only.
For example, since no single protein experiments were conducted, there are no experimen-
tal load-displacement curves for single protein bundles. Further, because the equation is
phenomenological, the locking stretch is not a physical (measurable) parameter. As an ap-
proximation, we say that the rate of evolution of the locking stretch is the same as the rate
of evolution of the overall stretch on the protein bundle, and that this rate of evolution of

stretch is:

AL=A=¢ (80)
where ¢ is the nominal strain rate applied to the specimen. Next, the load on an individual
bundle can be related to the nominal stress during testing:

fy = 74a (Vi) (81)

A

where ¢ is the nominal stress, Ag is the original cross-sectional area, and v, is the number
density of fibers per unit area, which can be calculated by multiplying the number density
per unit volume by some characteristic length. For this case, with a number density of fibers
per unit volume of approximately 1 (10%°), and a fiber contour length of 300 (10~°), the areal
number density of fibers becomes approximately 3 (10'%). Figure 131 shows the force on a
fiber bundle vs. the logarithm of the rate of evolution of the locking stretch (calculated
using the above methods). From these equations, the values of the parameters in the distal
section were found to be X, = 6 (1077) and a,, = 1(107!). These values are approximately

three orders of magnitude different from the final values used in the model. Aside from the
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error introduced by the approximations made, this difference also arises from the fact that
the linear equation was solved to find these values, while the final model is nonlinear. The
values for these parameters that provided a reasonable fit in the linear model were only an
order of magnitude different from the calculated. Similar methods were used to determine
the values of the constants in the proximal section.

Notice that the reverse process was neglected in the above discussion. This is because
in loading the reverse process does not play a significant role in the evolution of the locking
stretch. In unloading, for low enough forces, the opposite is true, namely that the reverse
process dominates while the forward process does not significantly affect the evolution of the
locking stretch. A similar analysis can be carried out for the reverse process, and o, and X,

can be determined.
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6.3 Determination of the Matrix Properties

The matrix, as discussed above, is modeled as a nearly incompressible Neo-Hookean material.
This implies that the bulk modulus is much greater than the shear modulus i.e. K > u.
Further, the matrix is taken to play only a small role in the overall stress-strain behavior
of the material, so that the shear modulus of the matrix should be much less than the
Young’s modulus of the fibers i.e. E > p. Thus, an arbitrary ‘small’ value is assigned
to the shear modulus in the proximal thread section. Assuming that the matrix should be
roughly homogeneous throughout the material, the shear modulus of the matrix in the distal
section should be roughly equal to the shear modulus of the matrix in the proximal section.
In this case the shear modulus of the matrix in the distal section was increased slightly to
correspond with the increased overall stiffness of the distal thread section.

The viscoelasticity of the matrix was determined by looking at the residual stresses in
the material. Initially the viscoelastic element was modeled as linear, with a shear strain
rate given by ¥ = %, where 7 is the magnitude of the shear stress, and 7 is the material
viscosity. However, such a model predicted too much rate-dependence (see Figure 132) i.e.
the linear model predicted that for a slower strain rate, the amount of residual strain in the
material would increase dramatically.

Thus, a non-linear viscoelastic element (characterized by the constitutive model high-
lighted in the constitutive modeling section of this thesis) was chosen. The non-linear
viscoelastic element was able to capture the rate-dependence of the residual strain more
accurately. The material parameters (2 and a,e) were chosen so that the ‘yield’ point in
the viscoelastic matrix corresponded to the ‘yield’ point in the fiber network. For any other
values of € and a,, ‘bumps’ appeared in the overall stress-strain curve corresponding to the
‘yield’ points in the matrix.

It should be noted that the non-linear viscoelasticity is not the best possible representa-

tion of what is physically happening in the matrix, as such a non-linear response implies some
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Figure 132: Stress-strain curves for a linear viscoelastic Neo-Hookean matrix. In this case, the model
predicts extremely different residual strains for two similar strain rates.
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Figure 133: Stress-strain curves for a non-linear viscoelastic Neo-Hookean matrix. In this case, the model
predicts similar residual strains for similar strain rates.

type of microstructural breakdown at the ‘yield’ strain (here a strain of approximately 0.37),

similar to a plasticity event. However, in this case, because the stress contribution from
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the matrix is so small and is only needed to account for the residual strain, the non-linear
element was used to simplify the constitutive relationship. A linear viscoelastic behavior,
characterized by a more complex system of springs and dashpots would provide a more

‘physically realistic’ characterization of the matrix behavior.
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7 Appendix II: Determination of the fourth order Ja-

coblan Tensors

The material Jacobian, which is required for the implementation of the constitutive model
into ABAQUS, was calculated following the developments of Wilson (2005) and Bertoldi
(2008). In ABAQUS, a material Jacobian is defined through the variation in Kirchhoff

stress:

d(Jo)=JC:D (82)

where J is the determinant of the deformation gradient F, o is the Cauchy stress, and D is
the virtual rate of deformation i.e. the symmetric part of the velocity gradient, L. In terms

of Cauchy stress o, and the deformation gradient F, the Jacobian is given by:

1 §J b\
C—j<a®5—F+J5—F) F (83)

The derivative of J with respect to the deformation gradient F, g—é, is given by:

8J _ b (detF)
oF  OF

= JF' (84)

which leaves o and g—g to be determined. Thus, the Jacobian for each constitutive model
is different, since the Cauchy stress is a different function of the deformation gradient in
each model. With regards to the phenomenological model of mussel byssal threads, the
Jacobian of the matrix and the Jacobian of the fiber network must be calculated separately

and summed in order to determine the overall material Jacobian.
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7.1 The Jacobian for the extra-fibrillar Neo-Hookean matrix

As shown in the constitutive modeling section of this thesis, the Cauchy stress for an isotropic

compressible Neo-Hookean material is given by

B-D+K(—1)I (85)

K‘I“;

Thus, to calculate the Jacobian, only the derivative of this stress with respect to the defor-
mation gradient & 92 needs to be determined.

Using the chain rule, the derivative of Equation 85 with respect to the deformation
gradient is:

oo 6(1/J) péB o0J . 6J poB
58 P er B+ 5 T KRS 5F [KI",F(B I)] Jo7 (89

Where J is given by quation 84.
Noting that B = FF?, is is straightforward to calculate the derivative of the left Cauchy-

Green tensor with respect to the deformation gradient.
0B = § (FFT) = 6FFT + FoF” = 2IF : 6F” = 2(IF)"" : 6F (87)

where I is the fourth order identity tensor.
Thus, the final equation for the derivative of the Cauchy stress with respect to the

deformation gradient in the Neo-Hookean matrix is:

bo o0J

- - o) e ®

JQ
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and, similarly, the final equation for the Jacobian of the Neo-Hookean matrix is:

C=1J[a®§—;+J(§I{ [KI—?(B 1)] +2‘}(HF)RT)JRTFT (89)

In the following discussion, the Jacobian of the Neo-Hookean matrix will be referred to as

Cis.

7.2 The Jacobian for the eight-chain orthotropic unit cell of non-

linear elastic fibers

Again, the stress in the fiber network is known (the derivation is outlined in the constitutive

modeling section of this thesis). The equation for the Cauchy stress in the fiber network is:

Ve~ 1 [EA ; . .
i=1 \f

and again, only the derivative of the Cauchy stress with respect to the deformation gradient

needs to be calculated. Using the chain rule, this derivative becomes:

4 (%)
— 1 5“’1‘ v@ 1 82wf 1 Owy | o o 9Ny

4
1 awf 5V<>
4,12 N x0T GF (91)

where V® is the tensor product of the vectors v,

With the derivative of J with respect to the deformation gradient known from Equation

84, and the derivative of the work with respect to fiber stretch known (% = fsro and
f
24 . 3N .
;}\(m EAry), it remains only to calculate —(S—FL and 6?5,1;)' In the development of the

f
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constitutive model, the overall fiber stretch was shown to be:

AP = /i) - ov (92)

Since C is a function of F, the derivative of the fiber stretch with respect to the deformation

gradient becomes:
; 1
S — W[ vl 6FTFvy + v FTéFv] (93)
f
which gives the final equation for the derivative of the fiber stretch with respect to the
deformation gradient:
(i)
0N _ 1
oF )\(’

[ @ (FT®V)]T (94)

To determine the derivative of the dyadic product of the vector orientations with respect

to the deformation gradient, the dyadic product must first be written in terms of F:
VO = v @ v = Fv{) @ v'FT (95)

Taking the derivative of each side yields:

SVO = (5Fv<”) ® (vg”FT) + (Fvg'>) ® (vg”(SFT) (96)
which reduces to:
SV =2 [HF( Q ®v<”)] . 6F (97)

Thus, the derivative of V& with respect to the deformation gradient is:

5;;@ —2[IF (v ® v('))] (98)

Thus, the derivative of the Cauchy stress with respect to the deformation gradient in the
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eight-chain orthotropic unit cell is given by:

4 (%)
1 8wf ) (SJ 1 8 wf 1 87,Uf (i) 5/\f
4 .
1 8'wf (5V
+ 4JZ )\(1 5)\(’) OF (99)

which can be inserted directly into the equation for the Jacobian in the fiber network. Once
the Jacobian of the fiber network, C,,;, is calculated, it must be summed with the Jacobian

of the Neo-Hookean matrix, C;s,, to give the final material Jacobian:

C = Ciso + Cans (100)

192



8 Appendix III: Constitutive model using the FJC model

The Freely-jointed chain (FJC) model was also used to model the force-extension relationship
of the protein bundles. Like the WLC model, the FJC is an entropic model, which is used
more often in polymer mechanics, but has been shown to model the force-extension behavior

of some bio-macromolecules quite well. For the FJC model, the strain energy function is

given by:

e = KzON (%ﬂ +1In (Smﬁhﬁ» (101)

where Kp is the Boltzmann constant, © is the temperature, N is the number of rigid links
in the molecule, r is the chain end-to-end distance, L is the chain contour length, and 3 is
the inverse Langevin function of the ratio of r to L ie. 8= L} (%) The inverse Langevin
function is used to characterize the alignment of Kuhn segments towards the stretch direction
and the corresponding reduction in entropy as the chain extends towards its contour length.

However, because of the form of the Langevin function:

L(B)) =coth§ — % (102)

a closed form of the inverse Langevin function does not exist. Several approximations for
the inverse Langevin have been developed and implemented with varying degrees of success.

Here, the Pade approximant is used:
ry_r(3=()
@)-3 (45 "

The force-extension relationship is obtained by differentiating the strain energy with respect

to the chain end-to-end distance, and is given by:

_ NK3O

7 P (104)

Je
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In the case of the proteins in mussel byssal threads, as in the WLC development discussed
in the constitutive modeling section of the thesis, the end (folded) domains are modeled
using the FJC, while the central region is modeled as a stretching straight rod. Here too,

the decomposition of the fiber stretch is additive.

Ly=Lp+L (105)

Lf (Lm + Le)

\f = = 106
"7 Lig (Lm+Le), (106)

and the force in the middle section is given by:
fm=FEA(\n—1) (107)

Similarly, the protein length evolution is captured by evolving the overall contour length of
the end domains, with an unfolding equation of the same form as discussed with regards to
the WLC model.

These equations were implemented into the fiber network stress-strain model, and mono-
tonic and cyclic loading simulations were conducted. The results are shown in Figures 134
and 135 respectively. As can be seen, the Langevin chain model provides a good fit in
monotonic loading. The model also demonstrates a fairly large amount of hysteresis (a com-
parable amount to the WLC model, and only slightly less than the actual material), and
captures the non-linearity of the unloading much better than the WLC. However, the model
predicts a residual (non-zero) stress after the material has been fully unloaded. Decreasing
N (the number of rigid links in the polymer chain) decreases this residual stress, but cannot
remove it completely - for N-values lower than the ones shown in this plot, the model be-

comes unstable, and force equilibrium cannot be achieved. Thus, the FJC model provides
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Figure 134: Stress-strain curve for monotonic loading of the distal thread section at a nominal strain rate
of 1s~!. Experimental results are shown with a solid line, model results are shown with a dashed line.
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Figure 135: Stress-strain curve for cyclic loading of Langevin chain model at different N-values. Cyclic
loading captures large hysteresis, and smoothness of unloading curve, but predicts a non-zero residual stress
after loading. For N-values

a better fit than either the WLC or the Bertoldi model, but still demonstrates some serious

short-comings with regard to capturing the material behavior.
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