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Can naturally arising disorder in biological materials be beneficial? Materials
scientists are continuously attempting to replicate the exemplary perform-
ance of materials such as spider silk, with detailed techniques and
assembly procedures. At the same time, a spider does not precisely machine
silk—imaging indicates that its fibrils are heterogeneous and irregular in
cross section. While past investigations either focused on the building
material (e.g. the molecular scale protein sequence and behaviour) or on
the ultimate structural component (e.g. silk threads and spider webs), the
bundled structure of fibrils that compose spider threads has been frequently
overlooked. Herein, I exploit a molecular dynamics-based coarse-grain
model to construct a fully three-dimensional fibril bundle, with a length
on the order of micrometres. I probe the mechanical behaviour of bundled
silk fibrils with variable density of heterogenic protrusions or globules, ran-
ging from ideally homogeneous to a saturated distribution. Subject to
stretching, the model indicates that cooperativity is enhanced by contact
through low-force deformation and shear ‘locking’ between globules,
increasing shear stress transfer by up to 200 per cent. In effect, introduction
of a random and disordered structure can serve to improve mechanical per-
formance. Moreover, addition of globules allows a tuning of free volume,
and thus the wettability of silk (with implications for supercontraction).
These findings support the ability of silk to maintain near-molecular-level
strength at the scale of silk threads, and the mechanism could be easily
adopted as a strategy for synthetic fibres.

1. Introduction

Spider silk is one of the most fascinating natural materials across a multitude of
scales [1-4]. It is well known that its combination of strength and toughness is
unrivalled in Nature [5], and it has intrigued medical, physics and materials
communities alike in attempts to exploit it [6—15]. Unlike materials science
and engineering, however, Nature is seemingly not precise—biological pro-
cesses are riddled with apparent ‘imperfections” or random variations that
introduce disorder to a material system. Yet, frequently, these structural or mor-
phological features are beneficial to system performance (such as in toughening
or crack mitigation mechanisms). What may first appear as a ‘mistake” may
have unknown functional value. At the same time, one of the most intriguing
and attractive properties of silk is that it maintains near-molecular-level per-
formance (in terms of strength and strain) at the macroscale [7]—performance
that has yet to be matched in synthetic efforts to replicate silk. Indeed, the ulti-
mate stress of the molecular ‘building block” of silk has been shown almost
equivalent to experimental measures of silk threads, on the order of 1-2 GPa
[7,16-18], with a toughness exceeding that of Kevlar [5,19]. In contrast to
silk, one of the technological challenges of carbon nanotubes, for example, is
scaling-up their intrinsic nanoscale capacity [20,21], involving ingenious
methods of bundling and fibre weaving to approach the full material strength
[22-24]. "How has the spider solved this engineering problem?” ‘Could we be
missing a critical structural feature, hidden in what we perceive as a structural
flaw?” Undeniably, there is no single strategy allowing multi-scale stress trans-
fer, and, like many biological materials [25-27], spider silk relies on a hierarchy
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Figure 1. Skin—core, fibril bundle structure of spider silk. (a) Schematic of the multi-fibril core of dragline silk that constitutes a spider web, on the order of
micrometres, the scale investigated here. (b) Low magnification view of fracture surfaces of Argiope trifasciata fibres showing a skin—core nanofibrillar, globular
microstructure. Image from Poza et al. [39], used with permission, copyright 2002, Elsevier Inc. (Online version in colour.)

of mechanisms to sustain strength and toughness across
scales, from the nano- to macroscales [28]. In consideration
of the fibril structure of silk, the question arises: can a little
disorder—or structural heterogeneity—improve system per-
formance? While the majority of past research focus has
been on either the molecular (e.g. protein sequence and struc-
ture [8,9,16]) or the macroscale (e.g. silk threads [7] and
spider webs [29-33]), here we look at the often overlooked
intermediate structure—the bundled collection of fibrils that
compose a silk fibre.

It is well known that silk, like many biological materials,
features a hierarchical structure arising from a complex assem-
bly process [28]. The molecular geometry is defined by strands
of a single, repetitive protein sequence [10], resulting in
hydrogen-bonded B-sheet nanocrystals embedded in a semi-
amorphous protein domain [16]. These protein structures are
further spun into fibrils via extrusion and shear flow to increase
alignment and connectivity [18,34,35], and self-assemble into
fibres to form silk threads [7]. Motivated by the two-phase
composition of silk fibrils (B-crystalline regions networked
with entropic/amorphous domains), prior investigations have
focused on individual fibrils for characterization, linking mol-
ecular structure to homogenized behaviour [36]. For example,
a recent coarse-grain study investigated size dependence of
the fibrils and demonstrated that, owing to the unique constitu-
tive behaviour of silk, small fibrils were necessary to achieve
superior toughness of the molecular structure in the presence
of small defects [37]. Such behaviour was only achieved pro-
vided that the fibrils were confined to dimensions below a
critical length scale on the order of approximately 20-80 nm
[37]. Experimental results indicate silk fibrils on the order of
20-200 nm in diameter [18,38-41], suggesting a length scale
in accordance with the benefits of such nanoconfinement.
Moreover, another study [42]—motivated by continuum frac-
ture mechanics criteria—indicated that silk toughness does not
depend directly on nanostructure, but rather cohesive energy
density (in collusion with a modulus contribution), and the
fracture mechanics characteristics depends on micrometre-
scale dimensional features and attributable to its fineness. In
both cases, it was concluded that bundles of small fibrils are
mechanically advantageous in larger threads. While, at first
glance, the fibril structure of silk may seem like a by-product
of assembly, a strong mechanical effect is becoming apparent.
Indeed, it is a common theme in Nature that material structures
often have hidden or unknown benefits.

While recent investigations have shed insights on the spin-
ning process, the fibrillation mechanism is inherently complex,

and it is still not fully known how meso- and microscale
organization develops. Previous investigations have indicated
the fibrillar nature of silk, and have proposed the so-called
skin—core structural model—a bundle of silk fibrils encapsu-
lated by an outer layer [39,43-46], depicted in figure 1. The
skin is thin with no discernible distinct features [44], even at
failure [39], suggesting the core dominates mechanical pro-
perties. The skin—shown to contain an abundance of
glycoproteins [43,46]—may play a key in the adhesion proper-
ties of silk [47,48]. That being said, few studies have explicitly
considered the contribution of interfibril interactions to the
response of a thread. Recent atomic force microscopy (AFM)
imaging has indicated that these fibrils are not homogeneous
along the axis—they are characterized by globular protrusions
at regular intervals (figure 24,b), increasing the fibril diameter
over 50 per cent [41]. It has been proposed that these globules
effectively form shear keys [41]. The same investigation
implemented a two-dimensional finite-element model to
focus on the fibril-fibril interface and the effect of hetero-
geneous globules/protrusions [41]. Indeed, it was shown
that the globular structures resulted in non-slip kinematics,
restricted fibril shearing, controlled slippage, stress transfer
as well as energy dissipation [41]. An analogy was made
to bone and nacre, wherein the roughness of interfaces
[49] and layer bridging [50,51] results in strong and tough
materials [52,53]. Little attention, however, was given to the
three-dimensional thread morphology.

Here, I exploit a coarse-grain model developed for drag-
line silk [32] (previously parametrized by known atomistic
behaviour [9,16]) to construct a fully three-dimensional
fibril bundle, with a length and diameter on the order of
micrometres (figure 2c). I probe the mechanical behaviour
of bundled silk fibrils with variable density of globules, ran-
ging from ideally homogeneous to saturation of protrusions
and demonstrate that fibril strength and cooperativity is
enhanced by contact through low-force deformation and
shear ‘locking” between globules.

2. Methods

While the motivation here stems from the bundled structure of
spider’s silk, the aim is more pedagogical. Indeed, the transfer
of ideas from biology is not limited to the ultimate form and
function of a biological system—we are not interested in spider
silk so we can fight crime like Spiderman. The benefit lies not
just in the analysis of specific biological systems, but rather in a
mechanistic understanding, i.e. learning from Nature. Thus,

85L0£107 ‘0L e 205 y [ biobunsyqndiraposieforys: g



\'-,:;‘

250 nm #2250 nm

Figure 2. Experimental and model silk fibre cross sections. (a,b) Experimental
images of fibril structure in the core region of dragline silk fibres. (a) Topo-
graphic AFM image of spider dragline silk from Nephila pilipes, from Du et al.
[7], used with permission, copyright 2006 Elsevier Inc. (b) AFM image from
Nephila clavipes (golden orb weaver), from Brown et al. [41], used with per-
mission, copyright 2012, American Chemical Society. Both images depict
braided bundles of fibrils on the hundreds of nanometre scale constituting
the fibre’s core, with irreqular ‘globular protrusions’ along the fibre axis.
Moreover, small voids were observed in the images, indicating potential
free volume for hydration. (c) Model silk fibre consisting of aligned and
bundled fibrils with random globular protrusions to mimic the observed natu-
ral structure. Here, 20% of the particle sites are designated ‘globules’ (with a
diameter of 300 nm) and randomly distributed along the fibril length, with
an equilibrated diameter of approximately 1.2 pm. (Online version in colour.)

while efforts are made herein to accurately model silk, the results
presented should not be considered an exact replication of
dragline threads, but a platform to isolate a potentially key
mechanistic phenomenon.

The goal is to develop a test specimen subject to tensile
stretching to induce interfibril shear transfer (the presumed
transfer mechanism of the globules). I construct a computational
model used to probe the behaviour of three-dimensional silk
fibres with variable material properties and random (disordered)
globule distributions. While full atomistic approaches have eluci-
dated the molecular behaviour of silk’s nanostructure, the length
scale associated with fibril bundles in beyond the length of ato-
mistic resolution. That being said, a molecular dynamics (MD)
approach allows efficient manipulation of constitutive behaviour,
such as elasticity and contact as well as interfacial failure and
large deformation. As such, I use a coarse-grain mesoscopic
‘bead-on-a-string’ model as a platform to assess silk fibril behav-
iour, using general MD formulations [28,32]. Experimentally, it
has been demonstrated that shearing of the silk protein solution
can lead to a similar bead-on-a-string assembly at the nanometre

scale [54,55]. Through the total potential energy of the fibril, ¢
the energetic contributions of the model can be simply described
as ¢ = Griprit + Peontacy Where the fibrils are represented by par-
ticle-spring chains with defined axial behaviour (¢fp) and
interfibril repulsive pairwise interactions (Pcontact)-

2.1. Fibril constitutive law and interfibril interaction(s)
While the exact behaviour of silk depends on many factors
(spider species, silk type, etc.), most silks (e.g. dragline or capture
silks) can be approximately characterized by hyperelastic stiffen-
ing [5,6,17,32,56]. As such, a simple potential is desired that can
capture such behaviour with a minimum number of parameters.
It is stressed that natural silk is intrinsically viscoelastic [57-59],
dependent on strain rate (e.g. a load-dependent dynamic mod-
ulus, accumulation of non-recoverable strain, etc.). Treating
silk here as an elastic material (albeit nonlinear) is consistent
with previous work and simplifies the simulation approach—
capturing viscoelastic effects of the natural material at such a
coarse scale is not required to reflect the desired effect of the het-
erogeneous globules. To generalize further, although inspired by
the nonlinear behaviour of silk, a simple hyperelastic constitutive
law is introduced (similar to the behaviour of capture, or viscid,
silks [6,56]), which can systematically be varied from a relatively
stiff, brittle response (i.e. ultimate strain, e, = 0.1), to a highly
compliant, extensible response (i.e. &y = 10.0). The governing
hyperelastic material law is expressed as

o(e) = T (i) } (2.1a)

Eult

defined by three parameters: ultimate stress (o), ultimate strain
(eur) and a non-dimensional hyperelastic parameter, «. For a >
1.0, the material undergoes mechanical stiffening under exten-
sion, whereas for a < 1.0, the material undergoes softening
(e.g. plasticity). Here, I assume hyperelastic stiffening and set
a=3.0 (derived by fitting the hyperelastic region of dragline
silk; consistent with previous modelling [32,60,61]) and maintain
a constant ultimate stress (1000 MPa) and strain (2.0 mm ™ ')—
values within the range of measured silks [56]—intended to
provide benchmarks for variation in constitutive law. This results
in a fibril potential of

2 a
- 7TI‘0 Oylt l — lo _
Pioril = 1 1 ap (lult — lo) (I =), (2.1p)

where [j is the equilibrium (stress-free) distance between particles
along the fibril axis, set at 200 nm, L = (1 + eu)ly and 7, is the
equilibrium distance between adjacent fibrils (i.e. the diameter)
that defines the cross section. I note that model parametrization
is not intended to represent any particular silk, but rather an
idealized mechanical model, representative of silk in general.

I next parametrize the model such that fibril-fibril inter-
action can be manipulated via geometrical changes alone
(specifically, bulges and irregularities along the fibril length
that mimic the structure of spider silk [41]). In a recent study
[41], imaging indicates fibrils approximately 200 nm in diameter
(which T implement as a basis fibril diameter, ry) with globu-
les roughly 100 nm in width and protrusions approximately
50 nm. Thus, the protrusions would roughly be equivalent to
globules with a diameter of 1.50r. I subsequently decrease and
increase the diameters (1.25r, and 2.00r, respectively) to parame-
trically explore the effect of globule size. While at a different scale
(as silk/fibrils are species dependent), there is visual evidence
supporting such a magnitude of change in globule size [7].
Again, the intent is to represent a generalized silk model, and
not encapsulating any particular species. For the current
model, I therefore exploit three globule sizes (rg = 1.25ry, 1.50r¢
and 2.00r)) to determine the potential relation with mechanical
response (figure 3a).
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Figure 3. Fibril computational model. (a) Depiction of relative particulate size
along the modelled fibrils, including (i) homogeneous fibril (ry; 0%g), and
three globule sizes (i) ry = 1.25r, (iii) ry = 1.50r, and (iv) ry = 2.00r,.
The globules are randomly distributed amongst all fibrils in the fibre
model, with %g ranging from 5% to 50%. (b) Plot of energy versus separ-
ation for LJ 9:6 potential for fibril contact (cheoniace) depicting scaling of
parameters: as r, increases, the LJ parameter scales with &; oc (r,-/ro)2 to
maintain constant stiffness. () Plot of force versus separation for LJ 9:6
potential, depicting equivalent small deformation stiffness for r = r,
1.25ry, 1.50r; and 2.00r,. (Online version in colour.)

A critical requirement is that the mechanical stiffness of
the fibre remains constant, regardless of geometrical variation
(e.g. equivalent material). Thus, I wish to derive a scaling law
for the interaction parameters. The coarse-grain fibril—fibril inter-
action is governed by a classical Lennard-Jones (L]) 9 : 6 potential,

Peontact = 4€ [(%’)97 <;’)6} , T <ro, (2.2)

Table 1. Modelling parameters for coarse-grain silk fibre.

parameter value units
ultimate stress, oy 1000 MPa
uIt|matestra|n Sun I R
hyperelastlc vvvvvvvvvvvvvvvvvvvvvvvvvvvvv W N
parameter, «
equlllbrlumdlstance lo e
ﬁbr||d|ameterr0 e
globuled|ametersrg .............. rg=125r0 ............... L
1.50r, 2.00ry
e T T
parameter, &,
globule b i 89= so(rg/r0)2 T
parameter, g
e Ug - (2/3)”3r vvvvvvvvvvvvv L

parameters, lop

where the input parameters are defined by & (surface energy) and
o (a function of rj the equilibrium distance, solved by minimizing
the potential function, or 0¢/07 =0 at r = r¢). I note that setting
the cut-off to ry limits the associated forces to the repulsive
regime. From a geometrical perspective, ry dictates the diameter
of each fibril, and is set at 200 nm (at the upper range of exper-
imental measures, on the order of 20-200nm [18, 38-41]).
To estimate the contact stiffness, I can equate the stiffness at first
contact (r=rp) of the L] potential with the classical Hertzian
force—displacement contact of two spheres, F = (4/3)KR*/?A%/?
(where F = force, K = bulk modulus, R = radius = ry and A = dis-
placement), subject to small deformation. Assuming an initial
stiffness on the order of 3 MPa [6], similar to soft polymeric
materials, T attain & ~ 300 kcal mol ™" (note that this modulus is
intended to represent contact stiffness, and not axial stiffness).
Moreover, as the potential is implemented for pure repulsion
(and not adhesion), large variation in & only marginally influences
the measured stresses (owing to the exponential nature of the L] 9:
6 potential). As such, an assumption of small contact deformation is
presumed valid.

I next wish to ensure the stiffness, Ky, is constant (e.g. resist-
ance to contact deformation), regardless of defined r,, allowing
exploration of globules of various scale. Thus, I take the second
derivative of the potential (first derivative of force) setting

o« _Pelr) _dF(ry)
8 dr? dr

= constant

(2.3a)

from which it follows Ky = C x &/ ré, where C is a constant (only
the scaling law is required), or
&

Kooc 2. (2.3b)
)

Thus, for geometrical variation, ry— 7, I impose that

Ky =K, and
2
.
B (i) , (2.4)

It follows that in order to maintain the same material stiffness
through the introduction of the fibril globule (increasing the contact
diameter, ry), the energy of adhesion, ¢, also increases (figure 3b).
A summary of all model parameters is given in table 1.
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2.2. Fibre model and mechanical testing

The fibre is initially constructed with 37 fibrils (length of
40 um) in a hexagonal arrangement aligned along a common
axis. Each fibril is generated with a random distribution of glo-
bules along its length, and consecutive particles cannot be
assigned as globules to facilitate heterogeneity. I measure the
heterogeneity through the percentage of globule particles
(denoted %g), and construct models with 0-50% distributions
in 5 per cent increments. I note, owing to the constraint on con-
secutive particles, 50 per cent is the maximum allowable
globule distribution for the current model (in effect, greater
than 50% of globules would change the fibril model to a rela-
tively thin fibril with large protrusions to a relatively wide
fibril with dispersed cavities and voids [38], which would not
directly contribute to the shear transfer investigated here).
For statistical variation, three random geometrical distributions
were implemented for each percentage.

Upon adding globules, the material volume of the thread
changes, and as a direct consequence, if one was to implement
a constant cross section, addition of globules would result
in a compressive pre-stress. Thus, a stress-free fibre must have
a thread radius, R, sufficient to accommodate the addition
of material. Moreover, assuming random and heterogeneous
distribution of the globules, it is impossible to determine
the necessary volume of the fibril (i.e. cross-sectional area)
a priori. Here, the skin—core structure of the silk fibre is advan-
tageous, to be used to both determine and confine the fibril
bundle to an equilibrium (stress-free) radius, Req, for each %g
distribution. The confining skin is modelled by a cylindrical
elastic boundary, adjusted to provide zero stress at zero strain
(i.e. control pre-stress), similar to previous mechanical assump-
tions regarding the role of the skin [40]. I again note that little is
known regarding the physical properties of this layer. The con-
finement force is calculated by F= K(R — Ro)?, where K is a
specified force constant, R is the distance from the fibril to
the centre axis of the cylinder and Ry is the radius of the cylin-
der, where F =0 for R < Ry. To attain an equilibrated structure,
the cylinder decreases radius at a constant rate, and the poten-
tial energy (¢) of the fibre system is tracked (figure 4a). To
attain a minimum energy, the cut-off for the interfibril inter-
action (equation (2.2)) is relaxed to 1.25r(, allowing marginal
attraction between fibrils and an energetically favourable state.
The equilibrium radius, Req,
the energy-radius curve (figure 4b). This process is repeated
for all distributions, and for each globule size (figure 4c). As
anticipated, there is a constant increase in equilibrium radii
with increasing globules, but is irregular due to the random
distribution. Moreover, the magnitude of the energetic mini-
mum decreases with an increase in %g—the protrusions
inhibit interaction between otherwise aligned sections of fibril.
We observe that, for cases of r, = 1.25r9 and 1.507¢, the increase
in equilibrium radius (R.q) is near linear, with additional globules
requiring nominal increase in volume. However, the behaviour
differs for r; = 2.0r, where the significance is increased when a
few globules are introduced (%g up to approx. 20%) and then
the dependency decreases. In this case, a few interacting globu-
les are sufficient to greatly increase the necessary volume for
stress-free conditions.

Once the equilibrium radius is attained, the cylindrical elastic
boundary is fixed, acting as the constraining ‘skin’. It behoves to
note that while the diameters of our threads vary from approxi-
mately 1.0 to 2.2 pm, the model is not necessarily intended to
capture the complete thread (silk thread diameters range from
approx. 0.5 to 8 pm [11,56,62]). Rather, the skin boundary can
be considered equivalent to surrounding fibrils, of a much
larger structure. As such, the stiffness parameter, K, is fitted to
approximate the resistance of fibril contact (e.g. taking a Taylor
expansion about r = r( for ¢eontact)-

is then taken as the minimum of

)
T %g
10)) 0 — .“‘\
“‘\/
o ————— 1R,
400 500 600 700 800 900 1000
R (nm)
()
1200
200, €y
1000
Reg
(am) 800

1.25-, 000

10 20 30 40 50
Yo

Figure 4. Attaining equilibrium (stress-free) fibre radii, Req. (a) Depiction of
fibre cross section upon equilibration, subject to cylindrical compression. For a
confining volume of R > Re,, the fibrils maintain a configuration close to the
initial hexagonal arrangement. To attain an equilibrated structure (R = Reg),
the cylinder decreases radius at a constant rate, and the potential energy (¢b)
of the fibre system is tracked to determine a minimum. (b) Representative
plot of potential energy versus confining cylinder (e.g. fibre) radius, R, for
rq =150ry, %g from 5% to 50%. The equilibrium radius, R is then
taken as the minimum of the energy—radius curve (indicated). As antici-
pated, there is a constant increase in equilibrium radii with increasing
globules, but is irreqular due to the random distribution. Moreover, the mag-
nitude of the energetic minimum decreases with an increase in %g.
(c) Results for three globule sizes, all %g distributions. Error bars indicate
statistical distribution for three model samples. (Online version in colour.)

Once equilibrated, each fibril model is subject to uniaxial
stretching. As the desired mechanisms of stress transfer is inter-
fibril interaction (rather than direct tension), connectivity is
removed along each fibril, at alternating one-quarter and one-
half fibril lengths, resulting in a discontinuous and staggered
fibril arrangement (figure 5). Loading is introduced by moving
the ends at a constant pulling velocity (I ms™') and tacking
the resulting virial stress, S. Virial stress is commonly used to
relate to the macroscopic (continuum) stress in MD computa-
tions [63,64]. The virial stress approach allows us to determine
the components of the macroscopic stress tensor, S;; in a volume
(), where

1 b)\ (ab
Sj=_|-moo” + 33 (" = rE™)|. (@25)
aEef)

beQ
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Figure 5. Schematic of mechanical test. Once equilibrated, each fibril model is subject to uniaxial stretching through at an applied constant pulling velocity
(Veonstant)- Fibril connectivity is removed in an alternating, staggered arrangement to ensure stress transfer via interfibril interaction (shear transfer) rather than
fibril stretching. Stress is calculated, using the virial stress of a representative interior volume to reduce boundary effects. The discontinuities are difficult to visualize
in the model (see representative cross section), owing to the non-uniform particulate size and equilibrium (e.g. packed) configuration. (Online version in colour.)
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Figure 6. Mechanism of fibre deformation and fibril stress distribution. Representative model snapshots (a) of fibre subject to uniaxial deformation, 20%g and ry =
1.50ry at &€ = 0 (equilibrium; (i), € = 10% (i), € = 30% (iii) and & = 50% (iv), with corresponding virial stress distribution (b). A selection of four pulled
individual fibrils that initially extend one-half the fibre length is highlighted. Owing to the staggered and discontinuous fibril arrangement (figure 5), fibril sliding
initiates at approximately & > 10%. In the stress distributions, we see a shear-lag effect, where a finite length of fibril is required to build up the stress transfer.
Shorter fibril lengths build up less stress. When stress is increasing, the slope of the stress distribution correspondingly increases (e.g. from & = 10% to 30%), until
a maximum stress level is reached, and the slope distribution is maintained along the fibril, whereas the fibrils themselves slip along the fibre axis (e.g. from & =
30% to 50%). To determine total stress, the virial stress contributions of all fibrils are summed (equation (2.5)) and taken over the representative volume. (Online
version in colour.)

which generates the six components of the symmetric stress— LAMMPS [65], implementing a microcanonical (NVE) ensem-
volume tensor, S;;, where m® is the mass of particle ‘a’, v?”) and ble, with temperature control through a Berendson thermostat
0\ are the velocities in the ith and jth vector component (T =300K, 7= 1000 timesteps).

basis, rE”)— rEb) denotes the distance between particle ‘a” and atom

‘b’ along the ith vector component, whereas F (®) is the force on par-

ticle ‘a” exerted by particle ‘b’ along the jth vector component. To 3. R esults

reduce random and temperature-related stress fluctuations, in :

addition to averaging over the representative volume, (3, the ;

stress is averaged further over a small timeinterval of 100 timesteps 3.1. Ultimate Strength

around the desired time point of stress calculation. The total stress Our interest is the enhanced strength (e.g. ultimate stress) that

can be calculated as o;; = S;i2” !, where (2 is taken as the dimen- the addition of heterogeneous globules may provide through
sions of the interior portion of the fibre free from imposed an increased transfer of shear stress. As such, I apply uniaxial
boundary conditions (shown schematically in figure 5). All simu- stretching to initiate fibril slippage and record the peak stress.

lations are carried out using the molecular simulation package Figure 6 depicts simulation snapshots and virial stress
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distributions of a representative model (rg = 1.50r0; 20%g).
The stress depicted is the virial stress along the fibril axis,
and indicates the primary stress transfer mechanism is via
shear. We see a shear-lag effect, where a finite length of
fibril is required to build up the stress transfer (see high-
lighted fibrils in figure 6 right). When stress is increasing,
the slope of the stress distribution correspondingly increases
(e.g. from & =10 to 30%, figure 6), until a maximum stress
level is reached, and the slope distribution is maintained
along the fibril, whereas the fibrils themselves slip along
the fibre axis (e.g. from & = 30 to 50%, figure 6). This effect
can be understood through a shear-lag model [66], which
predicts that the shear stress is the highest at the ends of
the overlap length and drops towards the centre of the junc-
tion [66]. Because the only mechanism here is shear transfer
(owing to the discontinuity of the fibrils and boundary con-
ditions), the shear stress directly correlated with total fibre
stress. As a direct result, for longer overlap lengths, the
shear stress is very small in the centre of the junction. As
anticipated, the short fibril lengths build up less stress
owing to the shorter overlap length, whereas the interior
(e.g. un-pulled) fibrils build up very little stress as they are
free at their boundaries (slippage is observed during defor-
mation). This mechanism of shear transfer has been used in
the description of bone [67] as well as bundles of carbon
nanotubes [68], where a soft phase (collagen and poly(methyl
methacrylate), respectively) was the medium of stress transfer,
similar to the long-chain molecular structure of silk fibrils.
When the fibril overlap begins to decrease (i.e. complete
fibril separation at &=100%), the stress correspondingly
drops to zero. Extending the concept, a sufficiently long
overlap length results in saturation [66], indicating an
optimal fibril length, dependent on the fibril interaction.
Such a length, however, is beyond the scope of this study.
The intent here is not to present a rigorous theoretical model
for the stress transfer (which would require additional analysis
of fibril stresses), but rather illustrate the dominance of
shear transfer.

To determine total stress, the virial stress contributions
of each fibril are summed (equation (2.5)) and taken over the
representative volume (figure 5), allowing a global repre-
sentation of stress (o) versus strain (g). I note that while the
loading is uniaxial tension, the stress—strain relation is not
indicative of the stress—strain response of silk threads, due
to the introduction of discontinuity to isolate shear transfer
(the strain is a combination of fibril slippage as well as local
strain). As such, the stresses and strains are predominately
associated with shear transfer. A representative stress—strain
plot is depicted (rg = 1.50r¢; 20%g; figure 7a), indicating the
typical stress response of nonlinear stress increases, followed
by saturation and nominal decrease as the fibrils slip along
the fibre axis. I note slippage initiates prior to a maximum
stress, at approximately & > 10 per cent, which, visually, corre-
sponds with the onset of system softening. The curves were
attained for all models (three geometrical distributions each
of %g from 0 to 50% for ry = 1.25r, 1.50r¢ and 2.00r; over
99 separate simulations in total). The mean at each %g was cal-
culated, as well as the uncertainty, accounting for the
deviation in stress and radii calculation (figure 7b). While the
uncertainty is on the order of +5%, the trends between each
r¢ value is clear.

Regardless of model, the initial case of zero globules
(e.g. 0%g) is representative of a homogeneous fibre (as
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Figure 7. Global stress—strain response and ultimate stress. (a) Representa-
tive fibre stress (o) versus strain (g) for ry = 1.50r and 20%g. The stresses
and strains are representative to the shear transfer contribution only. The
typical stress response is nonlinear stress increase, followed by saturation
and nominal decrease as the fibrils slip along the fibre axis. Slippage initiates
prior to @ maximum stress, at approximately & > 10%, which visually cor-
responds with the onset of system softening. Three curves depict three
random distributions, maximum stress taken as the mean (with the variance
accounting for the uncertainty in radii determination). The indicated points
(i), (ii), (iii) and (iv) correspond with the snapshots from figure 6. (b) The
curves were attained for all models, and the ultimate stress (o) plotted
as a function of %g (result from (a) indicated by circle). While the uncertainty
is on the order of + 5%, the trends between each ry value is clear. Addition
of slightly larger fibril globules enhances interlock while only nominally
increasing the require fibre volume. As a result, each additional globule
enhances shear transfer, as it interlocks with an adjacent fibril, while allowing
interaction between adjacent fibril sections. However, as larger globules inter-
act (ry = 1.50ro and 2.00r,), they prevent adjacent fibril sections of nominal
radius from contact, thus decreasing the total interfibril interaction and stress
transfer. For the largest globules (r, = 2.00r,), the required volume (i.e.
equilibrium radius) exceeds the benefit of fibril interlock. Addition of a
few large globules must be accommodates by a large fibre radius, leaving
significant unused fibril length (non-interlocking sections). (Online version
in colour.)

depicted in figure 3a—i), and allows a basis of shear transfer
comparison for all models (o = 172.5 MPa). For r; = 1.257,
there is an increase in ultimate stress (o) with an increase
in heterogeneity (%g). Addition of slightly larger fibril glo-
bules enhances interlock while only nominally increasing
the required fibre volume. As a result, each additional
globule enhances shear transfer, as it interlocks with an adja-
cent fibril, while allowing interaction between adjacent fibril
sections. The addition of 50%g results in approximately 200
per cent increase in oy (from 172.5 to 363.0 MPa). Qualitat-
ively, the same trend occurs for ry = 1.50ry, but with a net
gain of only ~30 per cent (from 172.5 to 228.4 MPa). The
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discrepancy lies in the additional spatial extension of the
globules. Primarily, increasing the radius to 1.50r; causes
an increase in required fibre volume at a much higher rate
(figure 4b). This effect is compounded by the fact that,
while the larger globules interact, they prevent adjacent
fibril sections of nominal radius from contact, thus decreasing
the total interfibril interaction and stress transfer. Finally, for
rg =2.00ry, we see a reversal in trend—the ultimate stress
drops with an increase in heterogeneity as the required
volume (i.e. equilibrium radius) exceeds the benefit of fibril
interlock (a reduction in 35%, from 172.5 to 111.9 MPa).
Again, the addition of a few large globules must be accom-
modated by a large fibre radius, leaving significant unused
fibril length (i.e. non-interlocking sections). When the
required radial growth decreases (%g > 20%; figure 4b), the
decrease subsides and there is marginal increase in strength.
In effect, enough large globules have been added, the missing
space/voids are filled, and more of the fibril lengths interact.
Thus, to maximize strength, relatively small globules are
desired (rgz = 1.257) to maximize fibril interlock of both the
globules and unperturbed fibril sections. Increasing globule
radius requires additional volume and decreases the total
fibril interaction, which outweigh the increase in globule con-
tact and interlock. I note the indicated ultimate stress range,
from approximately 100 to 400 MPa, is about the same
order of magnitude of stress reported in the aforementioned
two-dimensional finite-element study [41].

3.2. Material efficiency

Beyond strength metrics alone, I next wish to quantify the
material efficiency of such heterogeneous fibres, through speci-
fic strength and packing efficiency. Using specific strength
(strength per density) effectively eliminates the dependence
on cross-sectional area (e.g. equilibrium radius) as the same
volume used for virial stress (the fibre volume, V) is used to
calculate the effective density (pef),

Peff = n‘;—; = p‘f/—‘:f7 (3.1)
where V; refers to the fibril volume, i.e. the summation of
the particulate (ro) and globular (r;) spheres, accounting
for their overlap. The specific strength is then defined as
out/ Pest- The results are plotted in figure 8, and depict the
same qualitative trends as ultimate strength, supporting the
assertion that contact and shear interlock between globules
is a key mechanism in increasing strength. I note that the
values attained are reflective of the component of specific
strength attributed to shear stress transfer, and not the total
specific strength of spider silk. The values attained (from
approx. 0.1 to 04MN mkg ') account for 10-40% the
specific strength of silk (approx. 1.0 MN m kg '), depending
on heterogeneity—a significant proportion.

Note that the density of fibril, p, the molecular density of
B-crystalline and amorphous regions, is presumed constant
(here I take ps= 1300 kg m~? [69]). However, it was pre-
viously hypothesized that particulate size (i.e. globule
radius) is correlated to spinning speed (and the crystallization
of the silk proteins) [7]. Faster spinning results in larger but
less dense fibrils [7]. This would vary our calculation of
specific strength, decreasing the effective strength of larger
globules (i.e. 7, =2.0ro) as the fibril density, p; decreases
with an increase in rg. That being said, such adjustments
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Figure 8. Spedific strength. Determination of specific strength (strength per
density; o/ pes) eliminates the geometrical dependence on cross-sectional
area (e.g. equilibrium radius) as the same volume used for virial stress (the
fibre volume, V) is used to calculate the effective density (pe); see equation
(3.1). Plot of specific strength versus %g depicts the same qualitative trends
as ultimate strength for each ry, supporting the assertion that contact and
shear interlock between globules is a key mechanism in increasing strength.
The values attained (from approx. 0.1 to 0.4 MN mkg™') account for
10-40% the specific strength of silk (approx. 1.0 MN m kgﬂ), a significant
addition regardless of %g. (Online version in colour.)

are beyond the scope of this study and would not change
the qualitative trends depicted, as the silk density is pre-
sumed constant within a marginal range.

Finally, the equilibration of fibril bundles is similar to the
phenomena of packing spheres (albeit the spheres are con-
strained to their associated linear fibril arrangement). I thus
define the volume fraction, 7, as a measure of packing
efficiency, or

Vi

=7 (32)

n
where again, V; is the volume of the fibrils (summation of
spheres), whereas V is the fibre volume (a cylinder with a
radius Req). The results are plotted in figure 9a. I note the
highest packing efficiency at 0%g (1 ~ 0.7), where the fibrils
are the most compact owing to their uniformity. In colloidal
solutions, the addition of multiple-sized particulates (e.g.
polydispersity) can lead to a more efficient packing [75,76].
However, here we see that the addition of larger globules
results in less efficient packing. Indeed, owing to the imposed
connectivity of the particulates, they cannot arrange freely in
the most efficient manner. For both r, = 1.257, and 1.507, the
packing efficiency is near-constant, regardless of %g (with
n~0.67 £ 0.01 and 1~ 0.60 + 0.01, respectively). Mainten-
ance of the high packing efficiency (related to fibril contact)
is associated with the increasing strength with %g. For
rg = 2.0ro, however, we see a large drop in packing efficiency
owing to the large required equilibrium radius with the
addition of a few globules (1 ~ 0.44 at 10%g). The subsequent
addition of globules enhances the packing, effectively filling
the wasted space, but the discrepancy between globule and
fibril radii leads to relatively inefficient packing (and thus
less fibril interaction) even at high %g (n ~ 0.63 at 50%g).

Interestingly, while the packing efficiency is greatest for
the homogeneous case (e.g. 0%g), it does not result in the
greatest strength (figure 7b). This can be understood as fol-
lows: once slip is initiated in shear, the homogeneity of the
fibrils (i.e. the equal radius of all particles) limits any
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Figure 9. Fibril packing efficiency () and fibre free volume (V). Beyond
metrics of strength, the addition of globules also effect the geometrical char-
acter of the fibres. (a) Plot of volume fraction (7); a measure of packing
efficdiency; see equation (3.2)) versus %g. Note the highest packing efficiency
at 0%g (m ~ 0.7), where the fibrils are the most compact owing to their uni-
formity. The addition of larger globules results in less efficient packing. Indeed,
owing to the imposed connectivity of the particulates, they cannot arrange
freely in the most efficient manner. For both ry = 1.25ry and 1.50r,, the pack-
ing efficiency is near-constant, regardless of %g (with 1 ~ 0.67 + 0.01 and
M~ 0.60 £ 0.01, respectively). For ry = 2.0r, however, we see a large drop
in packing efficiency owing to the large required equilibrium radius with the
addition of a few globules () ~ 0.44 at 10%g). The subsequent addition
of globules enhance the packing, effectively filling the wasted space, but the
discrepancy between globule and fibril radii leads to relatively inefficient pack-
ing (and thus less fibril interaction) even at high %g (1) ~ 0.63 at 50%g).
(b) Plot of free volume versus %g. Available free volume may facilitate the
known process of supercontraction [70—73], whereby absorbed water leads
to significant shrinkage in an unrestrained silk fibre [12,73,74]. To trigger super-
contraction, solvent must penetrate the fibre, enhanced by the presence of fibril
globules due to an increase in free volume (and thus exposed surface area). The
free volume is normalized by the length of the fibril to attain volume per
length (m’um™"). Correspondingly, we see large available free volume
for ry = 2.00ry, whereas there are nominal gains for both ry = 1.25r, and
1.50r,. (Online version in colour.)

interaction between fibrils—in effect, they are free to slide past
one another with limited interaction. So for the case of mech-
anical shear transfer only (which is reflected by this study),
the homogeneous case is not the strongest. It is noted
higher packing efficiency would increase adjacent fibril con-
tact, but not necessarily interlock (and associated stress
transfer). As such, any adhesion between fibrils may benefit
from closer packing, in addition to the shear interlock.

3.3. Voids and free volume

Beyond mechanical interaction, the packing efficiency
may also be important in terms of associated voids or
free volume. This may facilitate the known process of

supercontraction [70-73], whereby absorbed water leads to E

significant shrinkage in an unrestrained silk fibre [12,73,74],
i.e. a post-tensioning mechanism controlled by wetting.
Supercontraction is thought to be controlled by specific
motifs in the silk proteins [71,77] and induced by the
entropy-driven recoiling of molecular chains [78,79], and
has a scaling effect on mechanical properties [12,70,73,74].
To trigger the proposed molecular response, solvent must
penetrate the protein structure, enhanced by the presence of
fibril globules due to an increase in free volume (and thus
exposed surface area). While the exact function of supercon-
traction is still unresolved [72], for example, enabling
tailored mechanical properties [80], or pre-tensioning a
web [81], as examples—the mechanism appears congruent
with the control of packing efficiency and associated
free volume, as modelled here. As such, I quantify the free
volume, defined simply as Vi = VE — V¢ (figure 9b), which
is normalized by the length of the fibril to attain volume
per length (um® pm ™). Correspondingly, we see large avail-
able free volume for r; =2.0ry, whereas there are nominal
gains for both r,=1.25r; and 1.50r,. Interestingly, using
slightly larger globules (1.50r) can serve to increase the avail-
able free volume by 30-50% compared with r; = 1.257, for all
values of %g. This is opposite to the specific strength benefits,
where the smaller globules (1.25r) result in a strength
increase of 30-50% (in comparison with 1.50ry; figure 8).
Thus, the globule size indicates a trade-off between attained
strength (figure 8) or desired free volume (figure 9), which
may counteract each other (i.e. supercontraction increases
strength and stiffness [70,73,82] and may supersede the
benefits of shear interlock alone).

4. Discussion and conclusion

Here, 1 study nanoscale fibril aggregations (e.g. bundles),
using a simple mechanical representation—essentially a colloi-
dal string—to capture the underlying physical mechanisms,
rather than determination of exact quantitative properties.
Indeed, the modelled behaviour would be physically compli-
cated by variation in fibril contact stiffness, or adhesion
between fibrils, as examples. With such assumptions, the
stress quantities described should be considered only order of
magnitude approximations, compatible with previous studies
[41]. That being said, computational results indicate that
the introduction of a little disorder, i.e. heterogeneity in fibril
cross sections, can be used as a mechanism to improve fibre
strength through shear interlock as well as control accessible
volume (e.g. enhancing hydration and potential supercontrac-
tion). At the same time, too much disorder (e.g. large
globules) has a detrimental effect on strength. Future consider-
ation of other silk types that undergo similar spinning (such as
Bombyx mori silk [83] or other fibroins [84]) may help indicate
the significance of the globules owing to their different biologi-
cal roles (e.g. Bombyx mori silk used in cocoons compared with
dragline silk in webs). That does not mean such features could
not be introduced for synthetic applications of such materials
[85-87]. Extending the model, such a mechanism could be gen-
eric to any hierarchical fibrous material, including synthetic
polymers or textiles. Biological systems such as collagen [41]
and nacre [52] have also been shown to benefit from similar
mechanisms of shear transfer. There is also some evidence for
such interlock in synthetic nanomaterials [68,88,89], but the
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effect is coupled with molecular bonding in addition to the
mechanical transfer demonstrated.

While distinct morphological ‘globules” are considered
here, the effect can be reduced to a simple mode of shear trans-
fer, whereby the same effect can be theoretically achieved
through interfibril adhesion. The benefit of the distinct glo-
bules, however, is threefold (i) mechanical interlock only
rather than chemical cross-linking or adhesion, (ii) constant
material throughout and (iii) no requirement of order. The
final benefit—lack of order—is conducive to the manufac-
turing approach of Nature, beleaguered with environmental
uncertainties and energetic penalties for precision. Experimen-
tal studies indicated that, in contrast to our ideal model, silk
threads and fibres contain main defects that can act as stress
concentrators, such as cavities [38] and tears [39], yet still main-
tain high strength and toughness [90]. Here, what could be
considered a ‘defect’ in terms of structure is beneficial to the
overall behaviour of the fibre. In terms of spacing, each
model was constructed with random distributions. While the
sample set was limited, there was very little variance in
the results (indicated by the error bars in all plots). In such a
system, the randomness was an asset to the behaviour—
ordered globules (e.g. regularly spaced) are not preferable to
random distributions. Here, the mechanical benefits outweigh
the potential material variance—as Nature itself is not limited
to strict design criteria or allowances. The key is that disorder
(or randomness) can be embraced as a design strategy itself,
in certain circumstances such as increasing toughness [91],
and is potentially less ‘costly’ than precision (i.e. homogeneity).
Note too that there is no adhesion between fibrils, merely
repulsion owing to contact. An increase in interfacial surface
area and interfibril adhesion owing to globules may further
enhance the effect. Moreover, the interfibril interaction would
be even more critical under non-axial loading (e.g. bending
or torsion) where shear transfer of stresses is more dominant
throughout the cross section. The fact that the globule structure
can also be implicated in the phenomena of supercontraction
indicates a complex assortment of cooperative interactions
resulting in the performance and biological use of silk.

In addition, while the globules here are modelled with con-
stant material stiffness (e.g. contact rigidity) such may not be
the universal case. The large globules have been associated
with less protein density [7], and thus increasing globule
size may reduce material rigidity. Also, thread stiffness has
been seen to change under dynamic loading owing to molecu-
lar reorientation [57], which would likely propagate to the
globules. Dynamic effects of hydration could also potentially
alter the size and mechanical character of the globules from
their original state [82,92], as supercontraction results in
radial swelling [45]. The randomness and heterogeneity here
is only a geometrical feature, and associated variation in glo-
bule properties (either initially, owing to strain, or implicitly
owing to hydration) could greatly modify the results indicated,
and warrant further investigation.

It is also known that the spinning process itself has influ-
ence on the mechanical and structural properties of silk, and
a previous study has indicated that a spider may have control
over such globules through the speed of silk spinning [7]. In
effect, faster spinning results in smaller, but more oriented
crystalline nodes within a fibril and a subsequent increase
in globule size as more protein chains are aggregated through
alignment [7]. Thus, is can be proposed that slight variation
in spinning speed can result in heterogeneous fibrils,

adding another layer of mechanical control. Perhaps efforts at [ 10 |

producing synthetic silks, such as spider duct mimicking
microfluidic techniques using constant spinning speeds
[93,94], can improve the final silk threads through slight vari-
ations in speed to introduce ‘disorder’ and morphological
control, already achievable with existing technologies [95].
Other techniques, such as electrospinning [83,96,97] or wet-
spinning [98,99] may also be used to vary fibril radial size. In
addition, the mechanism that induces variance in fibril
radius (and globule distribution) is due to the crystallization
of the peptide sequence during assembly. The potential to arti-
ficially synthesize high-performance silk—which thus far has
failed to attain biological performance [100]—requires under-
standing of the molecular and supramolecular assembly
across all scales, and not the simple replication of protein
sequences [54]. While this may not be the only route to hetero-
geneous fibrils, it may provide a basis for synthetic approaches.
Besides manipulating crystallization, alternative means—such
as the introduction of nanoparticles [101,102]—could result in
equivalent globular ‘bumpiness’.

Aside from mechanics, there is also a presumed benefit to
free volume, allowing water/solvent percolation throughout
the silk fibre. The globule distribution can be considered
similar to the polydispersity of colloidal system, and a natural
by-product of thread spinning/processing. In terms of the
relation with supercontraction, it has been suggested that
the production of silk with different tensile properties can
increase the survival ability of the spider [72,103]. Recent
experimental findings indicated that protein concentration
had a significant effect on fibril morphology [54], whereas
active control on the properties of the fibre during spinning
[18] (rather than protein sequence) would allow an efficient
adaptation of the properties of silk to the environment
and local requirements. As such, spider speciation and silk
type would dictate the fribril/fibre structure. An interesting
evolutionary biology conjecture would be whether there is cor-
relation between environmental conditions (e.g. humid versus
dry), spider speciation and the appearance of irregular globules
within the fibre cross sections.

The globules effectively create heterogeneous threads,
breaking the symmetry of fibrillation and increasing interfibril-
lar cohesion. From bulk perspective, the threads resemble
amorphous or glassy (rather than ordered, or crystalline)
materials. Unlike crystalline systems, the mechanical proper-
ties of structural glasses are not dominated by topological
defects such as cracks. Indeed, local structural arrangements
and interactions engage more material as a toughening mech-
anism, with a material efficiency highly dependent on size of
globule and packing density. Moreover, there is evidence of
cavities and voids within silk fibres, which may be related to
the globules discussed here. The influence of cavities and
voids is essentially the inverse problem of the current investi-
gation—instead of additional material (i.e. globules) what are
the effects of taking material away? It could be presumed
that cavities and voids would both increase effective toughness
(through dispersion of stress concentrations) as well as influ-
ence supercontraction (through free volume, similar to here).
In effect, they add to the ‘disorder” of the system. The full
‘story” of silk would necessarily include these contributions.

The effect on bundled fibres materials in terms of rheol-
ogy, viscoelastic effects, creep deformation and ultimate
failure mechanisms is yet to be determined. Nature has
evolved means to exploit the full potential of such materials
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[27]. Just as the fibrils exploit the full mechanical potential of
the nanoscale building blocks through nanoconfinement [37],
silk fibres achieve the full potential of their constitutive
elements (e.g. fibrils), at a scale approaching micrometres.
The shear interlocking of silk fibrils demonstrates another
mechanism to quantitatively explain the role of hierarchical
structures seen in silk threads, from nano- to macro [28,37].

It has been previously shown that natural silks have unique

advantages in toughness, processing efficiency and environ-
mental issues, which still make it an attractive future
advanced structural material—we can thereby learn from
silk, exploiting the mechanisms optimized by evolution to
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