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Abstract: We propose a molecular-based three-dimensional (3D) continuum model of dragline silk of
Araneus diadematus, which takes into account the plasticity of the β-sheet crystals, the rate-dependent
behavior of the amorphous matrix, and the viscous interface friction between them. For the proposed
model, we computed the tensile properties, the effects of velocity on the mechanical properties, and
hysteresis values, which are in good agreement with available experimental data. The silk fiber
model’s yield point, breaking strength, post-yield stiffness, and toughness increased with increasing
pulling velocity, while extensibility and the diameter of the silk fiber decreased. Our bottom-up
approach has shed light on silk fiber mechanics, which can be used as an essential tool to design
artificial composite materials.

Keywords: dragline spider silk; 3D fiber model; finite element method; fiber mechanics

1. Introduction

By virtue of its exceptional mechanical properties, spider silk is a protein fiber that has
been a curiosity for humans for thousands of years. With up to seven different pairs of silk
glands [1], Araneus diadematus, an orb-web spinning spider can produce silk for different
purposes, each with its own unique mechanical properties. Dragline silk is observed to be
the strongest amongst these, and it also happens to be amongst the toughest materials we
know [2]. Dragline silk is secreted through the major ampullate gland, which forms the
framework of the spider’s web [3]. In addition to this, the dragline silk is used for making
the thread and radii that attach the web to the external structures [4].

The tensile strength of dragline silk fiber is comparable to that of high-carbon steel
and higher than those of most polymeric biomaterials. Moreover, because of its much
higher extensibility and stiffness, its toughness is unmatched in the world of synthetic and
natural fibers [4,5]. Over the years, a wide range of applications of spider silk have been
envisioned: tougher bulletproof clothing—as spider dragline can acquire extra toughness
as a strain-hardening material by adopting the strategy of inserting certain molecular
spindles, such as intramolecular β-sheets in silk fibrils [6]—elastic ligaments, ropes, nets,
seat belts and parachutes [7,8]. Recently demonstrated applications, such as humidity
alarm switches, smart doors and wound healing devices [9] showcase the diversity offered
by spider silks.

Additionally, amongst other spider-related biomaterials, the study conducted by Kono
et al. on golden orb-weaving spiders noted the influences of crucial molecular constituents
on the mechanical properties of dragline silk. The study revealed a strong influence of
SpiCE (spider-silk constituting element) separate from the unique spidroin structure’s
influence [10]. Structurally comparable to dragline spider silk are new and artificially
produced spidroins, such as the ones from the Araneoidea spider [10–14].

Figure 1 depicts the schematic construction of the dragline spider silk. The hierarchical
structure of spider dragline silk can be seen as a semicrystalline material composed with
amorphous flexible chains strengthened by sturdy and stiff crystals [15–17]. These crystals
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are made by polyalanine sequences arranged in β-sheets and form 10–25% of the dragline
silk [2,18]. The existence of 31 helical, β-turn and β-spiral conformations has been suggested
for the amorphous [17–19] domains; however, no definite atomistic-level structural model
has yet been reported. It is predominantly disordered [20–22], and its longer peptide
sequences are oriented along the fiber’s axis in stretch tests [2,23,24].

glycine-rich amorphous matrix

silk fiber

alanine-rich crystals of β-sheets

skin core

natural webframe of spider silk

dragline silk

viscid silk: 
catching spiral silk

Figure 1. Illustrative representation of the spider dragline silk fiber architecture, highlighting the
catching spiral silk (dotted black line), and the much dragline silk. Dragline silk fibers are mainly
constituted of alanine-rich stiff and strong nano-crystals of β-sheets in the glycine-rich randomly
disordered peptide chains.

The specific secondary structures in the repeating units of the spider silk proteins are
responsible for their mechanical properties [16]. A recent study conducted on dragline
spider silk composite films showed a tendency to aggregate in the composite films and
induce crystallization of the inherent silk β-sheet to afford rigid but brittle films [25].
Experimental investigation through a wide-angle X-ray scattering system has shown that
during stretching, the orientation of the crystalline β-sheets aligned, whereas the crystallite
size decreased [26].

Termonia’s network model [27] relies on molecular modeling of the crystalline and
amorphous phases. This model is based upon a hypothesis of a hydrogen-bonded rubber
matrix (amorphous phase) reinforced by a fraction of rigid crystal domains, acting as
physical crosslink sites. There are several other hierarchical chain models, where spider silk
is assumed to be constituted by bricks arranged in a hierarchical manner with a crystalline
unit at the lowermost level [28,29]. Moreover, attempts at multiscale modeling of silk
material have been made in recent years. In these approaches, the building-up principle for
the macroscopic model was to consider a crystalline unit and an amorphous matrix as the
prime constituents [30,31]. In the bottom-up approach, the simulations are carried out from
the nanoscale to the macroscale—i.e., no empirical parameters are considered. Therefore, to
study spider silk’s mechanical properties and behavior, the bottom-up approach offers good
explanations. However, not a single model exists that enables a rigorous understanding of
each constituent and the interface between them. Additionally, there has so far been no
model available that could link molecular dynamics (MD) simulations to every macro-level
finite element method (FEM) simulation of the full silk fiber model of the visco-elastoplastic
material’s behavior.

Our previous study on the dragline spider silk showcased that long-range order arising
from mechanical work performed on the material was vitally important to understanding
of mechanics and properties of silk fibers [32]. In the present study, we have deduced a
simple 3D fiber model to understand the unique mechanical properties of Araneus diade-
matus dragline silk using a bottom-up computational approach. In order to have a more
realistic, purely bottom-up, macroscopic fiber model, we incorporated our previous work
of nanoscale mechanical response of the crystalline unit [33], the amorphous phase [34]
and their interface [35]. The mechanical properties of the spider silk fiber have already
been determined with experiments. Our fiber model proved to be an effective fit to study
the effect of pulling velocity on mechanical properties. In addition, mechanical hysteresis,
the stress–strain curve does not follow the same path upon loading and unloading was
investigated. Finally, the mechanical properties obtained from our simulations are com-
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pared with experimental values. The proposed molecular-based silk fiber model does not
require any empirical parameters and contributes to an improved understanding of silk
fiber mechanics during deformation. Hence, it is an efficient model for artificial silk fiber
design and applicable to other composite materials. For a more detailed description of
modeling and simulations of dragline spider silk, readers are referred to Patil [36].

2. Methods and Materials

Experimental studies using methods such as X-ray diffraction and atomic force mi-
croscopy, have established that the secondary structures of the amino acid motifs in the
repetitive part of the proteins are responsible for the mechanical properties of the dragline
silk [2,16,37]. However, direct links between the composition and the mechanical properties
are not yet distinctly established. In our model, the stiff β-sheet crystals were considered
as solid blocks, and the remaining matrix was the amorphous phase (Figure 2). To avoid
model dependency, we considered four different fiber models with random arrangements
of crystalline units. The random points for the center of masses of crystalline units were
created using a normal (Gaussian) distribution. We used randomly generated units to avoid
biased structural arrangements. Moreover, in this work, the mesh refinement was obtained
by h-refinement. We considered mainly 3D linear hexahedrons (brick8) of different mesh
sizes to study mesh independence. For this work, we considered an average length of
0.4 nm for brick8 elements. For more details, the reader is referred to our previous work,
Patil et al. [33].

cut cross-section view

contact sufaces

crystalline unit

amorphous matrix

Figure 2. Finite element 3D model of dragline silk fiber (with fixed boundary conditions at one
end and pulled condition at another end) on the left, and a cross-sectional view on the right. It is a
cylindrical model with solid crystal blocks (red) randomly distributed in the amorphous phase (gray).
The crystalline units are connected to the amorphous component along the fiber axis’s direction;
however, in the lateral direction (perpendicular to the fiber axis) are surfaces of the crystals (yellow)
in contact with surfaces of the amorphous phase (green).

From our previous work, we arrived at the conclusion that the crystalline component
of the silk fiber displays elastoplastic behavior and undergoes irreversible rupture against
applied force [33]. The amorphous phase is softer and exhibits a rate-dependent behavior,
i.e., a viscoelastic material [34]. Moreover, the third aspect is the viscous interface friction
between the amorphous and crystalline phases [35]. In the literature, Sintya and Alam
described the semi-crystalline nature of the contact surfaces [38]. In our previous work,
atomistic MD simulations were utilized to obtain the friction forces for the relative sliding
between the crystalline units and amorphous phase dragline silk [35]. Moreover, we
computed the coefficient of viscosity of this interface to be in the order of 102 Ns/m2. In
this work, the interface surfaces of the amorphous and crystalline units were constructed
using two-dimensional (2D) shell elements, and the null material (MAT 009) was assigned
to them. These contact surfaces are not an integral part of the main components. However,
those are utilized to define areas of contact between the components. Therefore, the contact
between the components was a fluid-like behavior. Here, we assigned the dynamic viscosity
coefficient as input parameter, which was obtained from our previous work [35]. In this
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work, a Coulomb friction formulation and the segment-based penalty method were used to
define contact [39]. For a detailed investigation of the friction modeling at the interface, we
refer the readers to our previous work [35].

In the finite element (FE) modeling of the 3D fiber model, the commercial solver
LS-DYNA (version: ls971s R5.1.1) [39] has been used. The key structural components and
their mechanical behavior are summarized in Table 1.

Table 1. Key structural components of Araneus diadematus dragline silk and their mechanical behavior
from all-atom simulations to FEM simulations.

Structural Component Mechanical Behavior a Description b

crystalline unit irreversible deformation crystal cubes are randomly
(plastic kinematic material) distributed with 25% vol.

amorphous phase rate-dependent deformation filled the remaining space
(viscoelastic material) in the model

crystalline-amorphous viscous friction lubricated film of 2D shell
interface (surface to surface contact) elements of the null material

a The mechanical behaviors of the crystalline unit [33], the amorphous phase [34] and the crystalline - amorphous
interface [35] are from our previous work. b See also Figure 2 for the finite element modeling of components in 3D
fiber model.

3. Results and Discussion

Tensile test simulations were performed to gain a fundamental understanding of
the mechanical properties, such as elasticity, strength and toughness. In this work, FE
simulations at a macroscopic scale were based on the parameters derived from our previous
MD simulations, and no empirical parameters were considered in the modeling. Therefore,
the molecular-level changes were responsible for determining the exact stress–strain curve,
which defines the macroscopic nature of the material. We carried out computational tensile
tests on the 3D fiber model, and the results are presented for the random arrangement
model. The model was fixed at one end and pulled at another end (Figure 2) with a
pulling velocity of 0.4 m/s. Figure 3 shows the stress–strain curve of the Araneus diadematus
dragline silk fiber model. For four different fiber models, the stress–strain curves are jointly
analyzed (gray in Figure 3). The stress–strain curve was obtained by stretching a fiber and
measuring the stress, σ required to extend the fiber model.

Since a wide variety of factors—pulling velocity, temperature, humidity, fiber defects,
etc.—hold significant sway over the performance of the fiber, examining the mechanical
properties of the spider dragline silk has been observed to be a complicated process [40,41].
In this work, we studied the influences of the pulling velocity on the mechanical properties
of dragline silk. Pulling velocities in the same range as mentioned in previous experi-
ments [40,42] have been considered. In the scope of this study, we took four random
crystal arrangements in the 3D fiber model and six distinct pulling speeds (0.004, 0.01,
0.05, 0.1, 0.2, 0.4 m/s) for our FEM simulations. Figure 5 depicts the mechanical properties
for dragline silk from the spider Araneus diadematus at different pulling velocities. The
pulling velocity affects different mechanical properties differently, with some properties
experiencing stronger effects than others.

Figure 4 shows the movement of crystalline units in the fiber model during loading.
The stress–strain curve can be divided into three regions. Due to the high stiffness of
crystalline units, the amorphous phase is deformed elastically in the linear elastic region. It
is a local elastic deformation (reversible structural modifications) that occurs in the amor-
phous phase. In the yielding region, permanent structural changes are initiated, wherein
crystalline units start to move, the fiber model diameter decreases and the amorphous
phase starts to deform significantly. In the stiffening region, the crystalline units relocate in
such a way that they form a series-like distribution in the fiber model. Here, maximum
deformation of the amorphous phase can be observed.
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Figure 3. Tensile stress–strain curve for the FE dragline silk models from the spider Araneus diadematus
for 0.4 m/s pulling velocity. The black line is the average of the stress–strain curves of the different
3D fiber models (differing in their random arrangement of the crystal units). The gray shaded area
indicates the variation. The stress (σ) is defined as the resistance force per unit cross-sectional area
of the silk fiber model. The strain (ε) is the ratio of change in silk fiber length to its initial length.
The fiber model reached the highest point, which is defined as a breaking point, and the associated
stress and strain values are the strength (σmax) and extensibility (εmax), respectively. The stress–strain
curve’s initial slope (the elastic limit) can be used to measure Young’s modulus (Einit). After yield
point, the slope of the stress–strain curve is assigned as post-yield stiffness (Epost). The material’s
toughness can be defined as the area under the stress–strain curve.

I : linear elastic region II : yielding region III : stiffening region 

Figure 4. Schematic representation of the movement of crystalline units in the fiber model during
loading.

The yield stress and the yield strain were unaffected by the pulling velocity for
loading slower than 0.05 m/s. However, the same values increased for the range of 0.05
to 0.4 m/s (Figure 5a). The breaking stress saw a steep rise from 0.12 GPa to 0.65 GPa
with the rise in pulling velocities (Figure 5b). On the other hand, the breaking strain value
reduced from 50% to 35% as the pulling velocities rose, although this was not seen to be as
big an effect as breaking stress. Such an interaction observed between the breaking stress
and strain determines the magnitude of energy essential for breaking a fiber. We observed
only a little velocity effect on the breaking strain. Hence, we concluded that the breaking
stress was the critical factor for the determination of the breaking energy (Figure 5c). The
post-stiffness modulus saw a significant rise with a rise in pulling velocities. Contrary
to this, the fiber diameter expanded with a fall in pulling speed lower than 0.1 m/s and
remained unchanged for all values greater than 0.1 m/s (Figure 5d).

With the rise in load on the silk fiber model, the amorphous chains are extended and
align themselves in the fiber axis direction along with the aligned crystalline units, i.e.,
increase in elastic limit at the macroscale (see Figure 5a). The strain that gets removed when
unloading is in progress can be termed as an elastic strain, whereas the plastic strain is the
one that remains even after the unloading is completed. Naturally, total strain is the sum of
these two elastic and plastic strains. Considering this for the crystalline units of the 3D fiber
model, one can be certain that plastic strains are experienced by the crystalline units. When
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subject to fast pulling, plastic deformation with a high slope starts for the crystalline units.
This, in turn, is responsible for higher stiffness, and by definition, lower fiber extensibility.
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Figure 5. Influences of pulling speed on the mechanical properties of the dragline fiber model.
Depicted here are variations in the properties, such as yield stress (a), yield strain (b), breaking
stress (c) and breaking strain (d) with respect to velocity. Refer to the caption of Figure 3 for the
definitions of the parameters mentioned above. Each data point stands for the average with standard
errors taken from four different silk fiber random arrangement models.

The mechanical properties are primarily influenced by pulling velocity as time is given
to the polypeptide chains of the amorphous phase for an alignment with the direction of
loading, i.e., increase in strength of the fiber model (see Figure 5c). At the amorphous-
crystalline interface, a viscous relaxation happens within the amorphous matrix along
with the fiber. This is nothing but the alignment of amorphous chains along the loading
direction. We encoded the relaxation time scale as the coefficient of viscosity in the FE
simulations, which do not particularly provide details about coiling and the polypeptide
chain arrangement. Lower pulling velocities allow the amorphous chains to have enough
time to relax. This is why as the amorphous chains align along the fiber axis, a significant
elongation or a considerable strain is observed with a substantial drop in fiber diameter (see
Figure 6a). Higher pulling velocities limit the deformation, as they do not allow amorphous
chains to align with the fiber axis because of the short time. As a result of this, there
is a steep decrease in breaking strain, and the breaking stress rises with a rise in pulling
velocity (see Figure 5c,d). Due to all these factors, we see higher toughness for faster pulling
velocities (see Figure 6b).

While modeling the silk fibers, one can construct two kinds of models for random
packaging of crystalline units—with slip and no-slip conditions. In the case of the no-slip
condition, there are no surfaces present because of the node-to-node connectivity. The
elements have node-to-node connectivity, and therefore possess higher stiffness. This
higher stiffness, in turn, is responsible for a lowered toughness (due to low ductility). With
the slip condition, the surfaces of the crystalline and the amorphous (green and yellow) are
present, as shown in Figure 1. Therefore, during pulling of the fiber model, crystalline units
can rearrange themselves. In our previous work, we noted that the fiber models’ toughness
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for randomly ordered and distributed crystalline units with the slip condition is about
119 MJ/mm3, whereas for the no-slip condition, it is about 91 MJ/mm3. For more details,
refer to our previous work [36].
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Figure 6. Depicted here are the variations in post-stiffness modulus and fiber diameter (a), and
breaking energy (b), with respect to velocity. Each data point stands for an average with standard
error taken from four different silk fiber random arrangement models.

From the observations in our simulations on the effects of pulling velocity on several
mechanical property parameters, such as yield stress, yield strain, breaking stress, breaking
strain and fiber diameter, we see good agreement with the previous experimental works by
Vollrath et al. [43]. Other parameters, such as the post-yield stiffness and toughness were
found to be in agreement with the work of Du et al. [37].

Visco-elasticity as well non-reversible deformation are responsible for hysteresis,
which is nothing but deformation that is history-dependent. After completing one loading-
unloading cycle, the energy dissipated in the material is measured by the area under the
curve, i.e., the surface area enclosed by the loop of hysteresis. A time-dependent hysteresis
is observed for the 3D fiber model due to its visco-elastoplastic behavior. To examine the
hysteresis of the silk model, we considered that the fiber was subject to load value smaller
than the rupture stress and then unloaded.

Figure 7a depicts typical hysteresis plots of individual loading-unloading cycles with
0.4 m/s pulling velocities of the dragline silk fiber. Five individual hysteresis plots denote
the elongation of the silk fiber from 8% to 30% of the original length and then unloading it.
Figure 7b shows load cycle 4 with an elongation up to 21% of the original length followed by
unloading. Hysteresis is the ratio of dissipated energy to the absorbed energy. Deformation
of silk fiber resulted in 72± 2% loss of energy. These values of hysteresis are in close agree-
ment with previous values from loading-unloading experiments of 67.6± 2.6% [2,4,44].

Internal molecular friction is believed to be the cause of high levels of hysteresis
seen in dragline silks. Particularly, beyond the yield point, the polypeptide bonds break,
and the polypeptide chains are seen to slide and reorient themselves relative to each
other [2,45]. Later, once a new and stable conformation is achieved, the polypeptide chains
relax and develop new bonds. This is why, when unloaded, the new conformation leads to
irreversible deformation that is responsible for stopping the full recovery at relaxation. FE
calculations cannot infer this micro-level interpretation of events, as viscosity and plasticity
incorporate these effects implicitly.
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Figure 7. Hysteresis plots for the dragline fiber model of Araneus diadematus. (a) Individual loading-
unloading cycles (the model was loaded to different levels of strain and unloaded) were performed
to obtain hysteresis plots with loading speed of 0.4 m/s. (b) Cycle 4: An elongation along the axial
direction of the fiber model of 21% of the original length. The energy dissipation in the fiber model is
defined as the area between loading and unloading (yellow). Moreover, the area below the unloading
curve (shaded area) represents the elastically stored energy.

4. Conclusions

To conclude, our 3D fiber model included not only the amorphous phase to represent
the viscoelastic behavior and the crystalline units for the elastoplastic material behavior, but
also the relative sliding (friction) behavior between them. With the help of the fiber model,
we have increased our understanding of the essential mechanical parameters. The values
of parameters such as strength, extensibility, initial stiffness, post-stiffness, toughness and
hysteresis obtained from the finite element simulations are in remarkable agreement with
the currently accessible experimental data (Table 2).

The rate-dependent behavior of the amorphous phase is mainly responsible for the
influence of the pulling velocity on the mechanical properties of the silk fiber. We demon-
strated that silk fiber’s yield point, breaking strength, post-yield stiffness and toughness
increased with increasing pulling velocity, while extensibility and the diameter of the silk
fiber decreased. We found that the initial stiffness of the fiber is due to the initial random
arrangement of crystals. At the same time, in the post-yield region, the combination of high
extensibility and high strength results in the high toughness of the fiber.

Our model has some limitations, and so far, we have not successfully reproduced the
noticeably higher nonlinear behavior observed in the post-yield region. This limitation of
our model might be due to the amorphous phase, a fully continuously modeled matrix with
a basic viscoelastic material model. We believe that improvements in the current model can
be made by assuming a worm-like chain behavior and modeling it into the user-defined
material subroutine (UMAT) for FE analysis, which might better capture this region.
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Table 2. Comparison of mechanical properties observed through 3D fiber model simulations and
experimental data.

Mechanical Properties 3D Fiber Model Experimental Data a

ultimate Strength, σmax (GPa) 0.50–0.67 0.65–1.61
extensibility, εmax 0.32–0.36 0.23–0.45

initial stiffness, Einit (GPa) 6.5–8.1 3.8–10.0
post-yield stiffness, Epost (GPa) 1.1–1.7 1.5–5.1

toughness (MJ/m3) 101–135 120–225
hysteresis (%) 70–74 65–70.2

a The experimental data for Araneus diadematus dragline silk from [2,4,44,46,47].

Our bottom-up approach elucidated how the atomistic structure influences the mate-
rial properties at the macroscale. Therefore, it is, in our opinion, a helpful tool for designing
artificial composite materials. Structurally similar biomaterials can be modeled using the
presented approach.
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