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Energy Dissipation During Prey
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Webs
Capture of a prey by spider orb webs is a dynamic process with energy dissipation. The
dynamic response of spider orb webs under prey impact requires a multi-scale modeling
by considering the material microstructures and the assembly of spider silks in the
macro-scale. To better understand the prey capture process, this paper addresses a
multi-scale approach to uncover the underlying energy dissipation mechanisms. Simulation
results show that the microstructures of spider dragline silk play a significant role on energy
absorption during prey capture. The alteration of the microstructures, material internal
friction, and plastic deformation lead to energy dissipation, which is called material
damping. In addition to the material damping in the micro-scale modeling, the energy dis-
sipation due to drag force on the prey is also taken into consideration in the macro-scale
modeling. The results indicate that aerodynamic drag, i.e., aero-damping, plays a signifi-
cant role when the prey size is larger than a critical size. [DOI: 10.1115/1.4047364]
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1 Introduction
The primary function of spider webs is prey capture, which is

critical for spiders’ survival in nature [1]. Among various spider
webs, 2D circular webs built by orb-weaving spiders are known
as orb webs. As an introduction, consider the two-step construction
of a spider orb web [2]: dragline silk threads are first used to build
the main body of the orb web (e.g., moorings, frames, and radials);
the main body is then spirally covered by sticky capture silk threads.
It is well known that capture silk threads possess totally different
composition from that of dragline silk threads [2]. Therefore, their
functions are distinct too. According to Gosline et al. [3], capture
silk threads are intended to glue preys and they can merely
support little force. In contrast, dragline silk fibers have excellent
mechanical properties (i.e., high strength and unmatched toughness)
and therefore bear almost all structural loads [4,5]. Previous studies
[6–8] show that spider web behavior not only depends on the
complex architectures of spider webs but also on its remarkable
properties.
Consider a case where a prey flies toward a static orb web. After

impact, it is attached to the orb web by the capture silk threads. The
prey is eventually stopped after a few cyclic vibrations of the web.
One might wonder how this amazing energy absorption phenome-
non happens. There have been numerous investigations on the
factors influencing this energy absorption process in order to
uncover the underlying physics for scientific purposes and engi-
neering applications. Till now, it is well-known there are mainly
three factors: material damping from dragline silk threads, material
damping from capture silk threads, and aerodynamic damping. Sen-
senig et al. [9] show experimentally that the material damping from
radials threads dominates the energy absorption process. It is con-
cluded that the material damping from capture silk threads and aero-
dynamic damping are not significant contributors to the energy
absorption process. Aoyanagi and Okumura [10] introduce an ana-
lytical method to find the state of a 2D orb web with damage (i.e.,

cuts of some spirals) under static loading. It is found that the energy
absorption capability of the web is mainly related to the number of
radial threads and little affected by the spiral threads. It is shown
that the breakage of spiral threads would not influence the energy
absorption capability of the spider web. Similar conclusions can
be drawn from a detailed finite element analysis given by Alam
and Jenkins [11]. From the above investigation, it is concluded
that dragline silk threads play a significant role in the energy absorp-
tion process and the capture silk threads contribute little to the
energy absorption process. However, there is a long dispute regard-
ing the effects of aerodynamic damping. The earlier studies [12,13]
show that its role is even more important than that of material
damping. Lin et al. [12] are the first to adopt finite element analysis
to study dynamic response of orb webs under distributed loads (i.e.,
wind loads). The dragline silk and capture silk were modeled as vis-
coelastic and elastic, respectively. Their simulation results show
that there is very little energy dissipation due to material damping
compared with the total input energy. The discrepancy between
experimental observation and simulation is explained by the intro-
duction of aerodynamic damping. Zaera et al. [13] also use finite
element analysis to mimic the behavior of orb webs under wind
loads and impact loads. However, in their study, the hysteretic beha-
vior of material is not taken into account even though they consider
the plastic deformation of material. Lack of experimental data
further restricts the accuracy and reliability of the material model.
Yu et al. [14] incorporate an empirical material model into finite
element analysis of orb webs where hysteretic material behavior
is accounted for but aerodynamic effects are ignored. The numerical
results roughly confirm Sensenig et al.’s experimental result [9]
where material damping is found to be dominant. However, in
their analysis, the underlying physical mechanisms of energy
absorption are not discussed.
The prey capture process (i.e., sticking and interception) consists

of two important steps. In order to subdue a prey, a nearly blind
spider (i.e., an orb weaving spider) relies on the vibrational
signals induced by prey and propagated via the web. In order to
localize and discriminate different events, spiders have special
information-acquisition strategies where their webs act as an
extended cognition system [15]. The mechanical perturbations trig-
gered by the contiguous environmental stimuli (e.g., prey impacting
and wind blowing) result in different web response. Through
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vibration propagation and attenuation in the webs, spiders use their
eight legs [16] to perceive the locations and discriminate the types
of the vibration sources. Although different species of spiders
develop their own specific information-acquisition strategies [17],
the basic physical principle is the same [18]. The radial threads of
the webs mechanically transmit vibration source signals [19]
(e.g., amplitude, frequency spectrum of vibration, and timing) to
the legs of spiders where the signals are filtered [20]. Through the
characteristics of the signals, spiders are able to match the informa-
tion to that in their memory or memorize the signal at the first time
occurrence [15]. For example, spiders discriminate biotic source
(e.g., insect) and abiotic source (e.g., wind) by the frequency of
the vibration signal, where biotic source has a much higher vibra-
tion frequency [20]. However, there could be overlaps in the fre-
quency response from biotic and abiotic depending on the prey
size, mass, and web geometries, thus not all vibration sources
could be distinguished by spiders [17].
While there have been many excellent research work on the mod-

eling of spider webs, there is a need of further understanding the
dynamic response of such structures. Such a study not only provides
scientific information on these amazing structures but may also
provide an approach toward developing bio-inspired structures,
such as sensors [21] and dampers [22]. Since the cross-sectional
diameters of silk threads are very small (i.e., 0.03–4 μm), they are
generally modeled as tensile structural members in analysis. From
the structural engineering point of view, spider webs are often
used as a good example of tensegrity. Many interesting problems
arise from the interplay between geometry and mechanics in a ten-
segrity such as how the tensegrity topology affects the performance
of a tensegrity (e.g., impact energy absorption and vibration atten-
uation). Thus, the studies may provide inspirations for the design of
lightweight multifunctional structures [23]. There have been many
finite element models for mimicking the behavior of spider webs
with complex geometry subjected to various loadings (e.g., wind
load and impact load) [11,12,14,17,23–25]. Without loss of gener-
ality, Tietsh et al. [26] and Yu et al. [14] investigate the dynamic
response of an orb web by considering a single dragline fiber and
modeling it as a one-degree-of-freedom system in their simulation
study. While Tietsh et al. consider damping effects in their model
from both material and drag, the model neglects material damage
effects. For the model proposed by Yu et al., while large plastic
deformations are accounted for, their constitutive model does not
consider viscous effect and Mullins effect. In addition, their
model does not consider the effect of drag force in their dynamic
analyses.
The remainder of this paper is organized as follows. In Sec. 2, a

brief review of our developed constitutive model for spider dragline
silk is presented. Section 3 presents a theoretical investigation on
the dynamic response of an orb web subjected to an impact load.
Thereby, the energy absorption process is investigated and dis-
cussed. Paper is summarized after, by presenting concluding
remarks.

2 Constitutive Model for Spider Dragline Silk
As a special biological material [5,25,27], spider dragline silk

contains proteins in the form of α-helix (80–85% in volume) and
β-sheet (15–20% in volume). α-helix proteins are flexible chains.
β-sheet proteins are in the form of rigid plates formed by folded
protein chains and bonded by hydrogen bonds. While the volume
fraction of β-sheet proteins in spider dragline silk is small, they
play a significant role like the carbon-blacks in volcanized
rubbers [28] that crosslink polymer networks [29–32]. In addition
to α-helix and β-sheet, it is found that some segments of α-helix pro-
teins could be folded and bonded by weak inner-monomer hydro-
gen bonds, resulting in a structure similar to β-sheet [27,29].
Thus, it is called β-turn or β-spiral. It is also found that β-spirals
are easy to unfold under small tension, which accounts for the
high extensibility of spider dragline silk [33]. Based on the

knowledge about the micro structures of spider dragline silk, a
new constitutive model is developed as follows.
Proteins are biological macro-molecules. Their mechanical

behaviors can be understood in virtue of polymer physics. In
spider dragline silk, the flexible α-helix proteins can be modeled
as polymer chains, which consist of a number of monomers. In
the micro-scale, the number of monomers nc, its length lc, and the
bond angle θ between neighboring monomers are used to describe
a polymer chain. By using statistical mechanics and corresponding
assumptions, various force-extension relations for a polymer chain
have been derived. Herein, the well-known worm-like chain (WLC)
model is adopted [34,35] since it is suitable for modeling stiff
polymer chains with a fixed bond angle. The force-extension for
the WLC model is defined as

fW =
kBT

4lp
4

R

Rmax
+

1

1 −
R

Rmax

( )2 − 1

⎛
⎜⎜⎜⎝

⎞
⎟⎟⎟⎠ (1)

where lp= 2lc/θ
2 is the persistent length, Rmax= nclc is the contour

length of the chain, R is the mean end-to-end distance of the
chain, representing the chain extension, kB is the Boltzmann cons-
tant, and T is temperature in Kelvin, which is assumed to be cons-
tant (i.e., isothermal). An integration of Eq. (1) with respective to R
gives rise to the Helmholtz free energy FW [36,37]

FW =
kBTN

2
2Λ̃2

+
1

1 − Λ̃
− Λ̃

( )
+ F0 (2)

where F0 is an integration constant, Λ̃ = R/Rmax is the average chain
elongation, and N is the Kuhn number defined as [35,38], which
reflects the deformability of a WLC.

N =
Rmax

2lp
(3)

Inspired by the work [39], we rewrite the average chain elonga-
tion in the following form:

Λ̃ =
R

Rmax
=

R0
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R

R0
=

Λ
Λloc

(4)

where the root-mean-square end-to-end distance R0 is introduced
as [35]
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Combining Eqs. (4) and (5), the locking stretch Λloc of a WLC is
defined as

Λloc =
Rmax

R0
= L̂(N) =




2

√
N























2N − 1 + exp (−2N)
√ (6)

which is a monotonically increasing function of Kuhn number N.
Λloc is therefore another parameter reflecting the stretchability of
a WLC.
The stretch Λ of a WLC can be defined as

Λ =
R

R0
(7)

whose range is determined by the locking stretch as Λ∈ (0, Λloc).
The effective Helmholtz free energy of a WLC chain, Eq. (2),

now can be presented as

FW =
kBT

2
Ĵ(Λ, N) (8)
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where the constant term F0 is neglected, and Ĵ(Λ, N) is a function of
stretch Λ and Kuhn number N as

Ĵ(Λ, N) = N 2
Λ2

Λ2
loc

+
1

1 − Λ/Λloc
−

Λ
Λloc

( )
(9)

For convenience of discussion, the first-order partial derivative of
Ĵ function with respective to Λ is also explicitly given as

Ŷ(Λ, N) =
∂Ĵ
∂Λ

= N 4
Λ
Λ2
loc

+
1

(1 − Λ/Λloc)2
1

Λloc
−

1
Λloc

( )
(10)

So far, we have modeled the α-helix proteins as WLCs, where
the force-stretch relation is obtained by multiplying Eq. (10) with
kBT/2. The β-sheet proteins are simply modeled as rigid crosslinks
connecting α-helix proteins [40].
Now, we turn our attention to the macro-scale deformation

(force-stretch relation) where a spider dragline silk fiber with a
very small cross section is subjected to tension. Since fibers with
large aspect ratio (length/diameter) can easily buckle under com-
pression, here we are interested in its tensile behavior. It is observed
that α-helix proteins are highly oriented in the axial direction of the
spider dragline silk fiber [27], indicating that spider dragline silk is
anisotropic material. Thus, in the macro-scale, the spider dragline
silk can be modeled as an anisotropic string. In order to bridge
the gap between the micro-scale WLC chain model and the macro-
scale string model, a meso-scale model or network model is
required, where α-helix chains are interconnected by β-sheet cross-
links in the meso-scale.
First, we consider the elastic extension of the spider dragline silk

fiber. Inspired by Diani et al. [41], we focus on an anisotropic
network model with three material directions u1 = (±1, 0, 0),
u2 = (0, ±1, 0), and u3 = (0, 0, ±1)(see Fig. 1). Considering the
number of α-helix chains per unit volume in each directions as
ni, i = 1, 2, 3, and total α-helix chain density as n= n1+ n2+ n3.
The chain volume fraction in each direction can be defined as
ωi = ni/n. Furthermore, consider the stretch along the fiber direction
as λ1 (λ2 and λ3 denote the stretches along the other two orthogonal
transverse directions). Note that the identity λ1λ2λ3= 1 holds due
to volume conservation [42]. By assuming affine deformation
(i.e., Λ1= λ1, Λ2= λ2, and Λ3= λ3), the effective Helmholtz free
energy density of the fiber is given as follows:

W = μω1Ĵ(λ1, N1) + μω2Ĵ(λ2, N2) + μω3Ĵ(λ3, N3) (11)

where μ= nkBT/2 is the shear modulus. The Cauchy stresses are
therefore derived as

σ11 =
∂W
∂λ1

λ1 − p = μω1Ŷ(λ1, N1)λ1 − p (12)

σ22 =
∂W
∂λ2

λ2 − p = μω2Ŷ(λ2, N2)λ2 − p (13)

and

σ33 =
∂W
∂λ3

λ3 − p = μω3Ŷ(λ3, N3)λ3 − p (14)

where p is the hydrostatic pressure. Note that, for uniaxial exten-
sion, the free boundary conditions imply σ22= 0 and σ33= 0. By
using the boundary conditions, hydrostatic pressure can be elimi-
nated. This results in

σ11 = σ11 − σ22 = μω1Ŷ(λ1, N1)λ1 − μω2Ŷ(λ2, N2)λ2 (15)

and

σ22 − σ33 = μω2Ŷ(λ2, N2)λ2 − μω3Ŷ(λ3, N3)λ3 = 0 (16)

In addition, note that σ11= 0 when λ1= 1. Introducing this condi-
tion into Eq. (15) results in

μω1Ŷ(1, N1) − μω2Ŷ(1, N2) = 0 (17)

For simplicity, we assume that the chain densities in the second
and third directions are the same, i.e., ω2=ω3. Thus, we denote
them as

z = ω2 = ω3 =
1 − ω

2
(18)

where ω indicates the chain density in the fiber direction (ω1=ω).
Note that ω is a material parameter reflecting anisotropic distribu-
tion of chains. Herein, it is assumed that ω is a constant through
the deformation. Denote σ11 as σ, λ1 as λ, λ2 as x, and N

1 as N. Equa-
tion (15) can be presented as

σ = μωŶ(λ, N)λ − μzŶ(x, N2)x (19)

where the unknown x is determined by solving the following non-
linear equation, obtained from Eq. (16)

Ŷ(x, N2)λx2 − Ŷ
1
λx

, N3

( )
= 0 (20)

where the volume conservation assumption λ3= 1/λx is applied.
Furthermore, from the initial condition λ= x= 1, Eq. (20) yields

Ŷ(1, N2) − Ŷ(1, N3) = 0 (21)

Thus, it can be concluded that N2=N3. Furthermore, the value of
N2 can be obtained from Eq. (19) in terms of N

σ0 = ωŶ(1, N) − zŶ(1, N2) = 0 (22)

Here, we define N2 as y for simplicity.
The two implicit functions based on Eqs. (20) and (22) are used

to find x and y

x = f (λ, y) (23)

where

y = g(ω, N) (24)

Both x and y can be evaluated numerically. It is worth mentioning
that x =






1/λ

√
can also be explicitly evaluated since it was assumed

ω2=ω3. However, here we have presented a more general case. y is
a material parameter only requiring evaluation once based on ω and
N at the beginning of the calculation. However, the value of x must
be updated as the deformation λ changes. Upon the fulfillment of the
evaluation of x and y, the axial stress can be numerically determinedFig. 1 (a) Reference state and (b) deformed state
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as

σ = σ̂(λ, N) = μωŶ(λ, N)λ − μzŶ(x, y)x (25)

It is noted that currently derived model is an anisotropic elastic
spring model, i.e., stress σ–stretch λ relationship. We call it
J-spring model, whose Helmholtz free energy density can be
written as

WJ = ŴJ (λ, μ, N)

= μωĴ(λ, N) + μzĴ(x, y) + μzĴ(1/λx, y)

− μωĴ(1, N) − 2μzĴ(1, y) (26)

Next, we expand the model to account for the viscous damping
effect of spider dragline silk.
Inspired by the theory of finite viscoelasticity [43] and double

network theory [44], a new standard rheological model which incor-
porates two J-springs and a Newtonian dashpot is proposed. The
deformation of the first J-spring is measured by λ. The deformation
of the dashpot is measured by ξ. The deformation of the second
J-spring is derived based on the multiplicative split of the deforma-
tion gradient [43] as

λe = λ/ξ (27)

Therefore, the Cauchy stress contributed by the two J-springs are
given, respectively, as

σα = ζμ[ωŶ(λ, N)λ − zŶ(x, y)x] (28)

and

σβ = (1 − ζ)μ[ωŶ(λe, N)λe − zŶ(xe, y)xe] (29)

where ζ is called the modulus ratio, which is a material parameter,
and xe= f (λe, y). The overall Cauchy stress is therefore obtained as

σ = σα + σβ (30)

The Helmholtz free energy density for double J-spring network
can therefore be written as

WDJ = ŴDJ (λ, λe, μ, N, ζ) = ζŴJ (λ, μ, N)

+ (1 − ζ)ŴJ (λ
e, μ, N) (31)

In addition, the evolution rule (Newtonian fluid law) is intro-
duced as

ξ̇ =
ξ

η
σβ (32)

where η is the dynamic viscosity, which is a material parameter. The
above material model incorporates viscoelasticity; however, it is not
yet a complete model and lacks contribution of damage (i.e., α-helix
chains rupture, and unfolding of β-spirals sheets). Under a tensile
test, chains attached to the rigid β-sheets will break when stretch
reaches a threshold. Since a shorter chain has a smaller threshold,
the breakage leads to the decline of chain density and the increase
of the mean chain length. We call it type-1 damage, which is also
known as Mullins effect. The second type of damage (type-2) is
attributed to the unfolding of β-spirals. Under a very small tensile
force, nearly zero, they are unfolded due to the breakage of weak
hydrogen bonds. Motivated by these two damage mechanisms,
we further modified our model.
Our current model can naturally account for type-1 damage by

choosing N as an internal variable according to the theory of
network alteration [45,46]. The evolution of N is presented as

Ṅ = Kbλ̇, λ = λmax and λ̇ > 0
0, others

{
(33)

where Kb is a material parameter indicating how fast the network

alters and λmax denotes the maximum stretch in a loading history.
The λmax evolves according to the following rule

λ̇max =
λ̇, λ = λmax and λ̇ > 0

0, others

{
(34)

Note that its value is given as λmax|t=0= λ|t=0= 1 when no damage
exists. Furthermore, the evolution of shear modulus can be pre-
sented as

μ̇ = −μṄ/N (35)

since μN is constant due to the conservation of mass [45,46]. Note
that μ|t=0= μ0 and N|t=0=N0 both parameters become time depen-
dent with the deformation.
To account for the type-2 damage or the unfolding of β-spirals,

we modified our model by introducing a new rheological model
(see Fig. 2), where a plastic element was added to the previously
introduced standard model. Remarkably, the plastic element
resists compression but yields to extension. The stretch δ of the
plastic element is defined as an internal damage variable. Therefore,
the total stretch λtot is re-defined based on the multiplication decom-
position of deformation gradient as

λtot = λδ (36)

where λ is the stretch of the standard model as previously presented.
The evolution of δ is defined as

δ̇ = Kpλ̇tot , λ = λmax and λ̇tot > 0
0, others

{
(37)

Note that there is no type-2 damage when δ= 1.
As a final remark, a constitutive model for spider dragline silk/

fibers is presented by considering its viscoelastic behavior and
material degradation. The model contains seven physically based
parameters, which could be readily evaluated by fitting to experi-
mental data. To characterize these parameters, not only monotonic
tensile test but also cyclic tests should be adopted. As a typical
example, the experimental data [47] is adopted for this evaluation.
The simulation result (see Fig. 3) shows that our model mimics the
cyclic behavior of the spider dragline silk well. Our model can also
be used to predict compressive behavior of dragline silk. However,
there is no experimental data in this regime since fibers buckle
under compression. For this reason, we are just interested in
tensile behavior of spider dragline silk. The effective stress σeff is
defined as

σeff =
σ, σ > 0
0, σ ≤ 0

{
(38)

Using the experimental data in Ref. [47] and the least square
optimization technique, the material constants for our model
are found as μ0= 0.19 (GPa), N0= 0.35, ω= 0.40, ζ= 0.29, η=
0.25 (GPa·min), Kb= 0.37, and Kp= 0.36.

Fig. 2 A rheological model representing the constitutive model
for spider dragline silk
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3 Energy Dissipation in Prey Capture
The previous section presents a constitutive model for simulating

spider dragline silk fibers under cyclic loadings. Based on the model
and the material parameters, we will investigate the energy dissipa-
tion phenomena in the prey capture process. Various full web
models can be found in the literature. However, to understand
how various mechanisms contribute to the energy dissipation, a
single spider dragline silk fiber as a representative model of the
web is used to evaluate energy dissipation.
Consider a fiber with initial cross section A0 and initial length L0

(note that A0L0 is a constant). The two ends of the fiber are fixed to a
rigid frame after a pre-stretch λpr. Due to volume conservation, the
pre-stretch results in a new cross-sectional area of the fiber denoted
as A = λ−1pr Ao and a new length L= λprL0 (see Fig. 4(a)). The pre-
stretch leads to tension and damage to the fiber prior to prey
impact. It is assumed the pre-stretch is applied at the moment of
impact (i.e., the stress relaxation is negligible if the pre-stretch is
applied much before the impact). In addition, we assume bending
energy of the fiber can be neglected since the radius of the fiber
is very small compared with its length. The inertial effect of the
fiber is also neglected because of its lightweight. This can be justi-
fied by considering that the mass of 1 m long silk fiber with 4 µm
diameter is about 1.57 × 10−5 g [25]. However, the mass of prey
considered in this paper is 0.5 g which is much higher than the

dragline silk fiber. Furthermore, we assume the fiber buckles
when subjected to compressive loads and does not break,
however can be damaged. Next, we consider a prey with mass m
impacts the fiber with a normal velocity v0 (see Fig. 4(b)). The
prey is modeled as a spherical particle and it sticks to the fiber
after impact. Consider that several orb weavers monitor web vibra-
tions with a signaling thread by staying off their webs [17]. In addi-
tion, consider that most of the previous studies model the web
without the spider. For this part of research, we do not consider
the mass of spider and its location. Therefore, the dynamic response
of the prey is chosen as the object of the study in this section. A full
model of the web which includes both spider and prey is currently
being considered for our next extension of this investigation.
To describe the equations of motion of the prey, a 2D Cartesian

coordinate system is established to record its position (see Fig. 4(a))

u =
u1
u2

[ ]
(39)

Fiber is separated into two segments from the impact position
(see Fig. 4(b)). The length of each segments is denoted as L1
and L2. To indicate the impact position, a nondimensional
number φ= L1/L is introduced, where L=L1+ L2. After impact,
the two segments deform to new length l1 and l2, and new stretch

Fig. 3 (a) The stretch controlled loading history with two cycles of ramping loading and unloading, followed by a final ramping
loading. (b) Theoretical result for the loading case shown in (a). (c) A complex loading case with stress relaxation: one cycle of
ramping loading and unloading, 2 min of stress relaxation, and a final ramping load. (d ) Theoretical result for loading test
shown in (c).
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as λ1= l1/L1 and λ2= l2/L2, respectively. As shown later, the defor-
mation of the fiber influences the motion of the prey significantly.
The resultant axial forces of each segment of the fiber are presented
as F1 = λ−11 Aσ1eff and F2 = λ−12 Aσ2eff , where the effective Cauchy
stresses σ1eff and σ2eff for each segment are evaluated based on the
constitutive model.
In addition to these forces, we considered the effects of gravity

and drag on the motion of the prey. By drawing free body and
mass-acceleration diagrams, the equations of motion can be estab-
lished as

mü = Fweb + Fgravity + Fair (40)

From Fig. (4), the web force Fweb can be presented as

Fweb =
F2 cos θ2 − F1 cos θ1
−F2 sin θ2 − F1 sin θ1

[ ]
(41)

where θ1= a sin(u2/l1) and θ2= a sin(u2/l2) are shown in Fig. 4(c).
The gravity Fgravity is presented as

Fgravity =
0
mg

[ ]
(42)

where g is the gravity constant. The aerodynamic drag force Fair on
the prey is evaluated by considering prey size and its velocity at any
instant. For simplicity, we model the prey as a sphere with diameter
d in a range of 10−5–10−2 m (Note that d< <L). The fluid media
is air at room temperature (i.e., 300 K), whose density is ρa=
1.225 kg/m3 and the kinematic viscosity is κ= 1.6 × 10−5 m2/s.
The dynamic viscosity is therefore calculated as ηa= ρaκ. For air
flow velocity va, the Reynolds number is defined as

Re =
vad

κ
(43)

For the velocity range of va= 100–101 m/s, Reynolds number is
in the range of Re= 100–104. For this range of Reynolds number,

the drag coefficient can be expressed as

CD = C1 × Re−C2 (44)

where C1= 685.84 and C2= 0.1065 are coefficients obtained from
experimental data [48] (see Fig. 5). The aerodynamic drag force
is then defined as

FD = −sign(va)
1
2
ρav

2
aCDπ

d2

4

= −101.78sign(va)d1.8935v1.8935a

(45)

The contribution of the drag force on the dynamic response of the
prey can therefore be evaluated at any time as

Fair = −101.78d1.8935 sign(u̇1)u̇1.89351
sign(u̇2)u̇1.89352

[ ]
(46)

To better understand the underlying physics and also facilitate
numerical calculation, we normalize the equations of motion. The
normalized time is defined as t̃ = t/τ, where t is the time and τ is
the relaxation characteristic time for the dragline silk defined as τ
= η/μ0. The normalized spatial coordinates are defined as

ũ =
ũ1
ũ2

[ ]
(47)

where ũ1 = u1/L and ũ2 = u2/L. In addition, the normalized mass is
introduced as m̃ = mL/τ2Aμ0. The normalized web force F̃web is
defined as

F̃web =
F̃2 cos θ2 − F̃1 cos θ1
−F̃2 sin θ2 − F̃1 sin θ1

[ ]
(48)

where F̃1 = F1/Aμ0 = λ−11 σ̃1eff and F̃2 = F2/Aμ0 = λ−12 σ̃2eff are
determined by the constitutive model. To be specific, the normal-
ized stress σ̃1 and σ̃2 are presented as

σ̃1 =
σ1
μ0

= ζμ̃
[
ωŶ(λ1, N)λ1 − zŶ(x1, y)x1

]
+ (1 − ζ)μ̃[ωŶ(λe1, N)λ

e
1 − zŶ(xe1, y)x

e
1] (49)

Fig. 4 (a) Web and prey before impact, (b) initial configuration at
the moment of impact, and (c) deformed configuration after prey
impacting

Fig. 5 The fitting result showing the relationship between air
drag coefficient and Reynolds number Re
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and

σ̃2 =
σ2
μ0

= ζμ̃[ωŶ(λ2, N)λ2 − zŶ(x2, y)x2]

+ (1 − ζ)μ̃[ωŶ(λe2, N)λ
e
2 − zŶ(xe2, y)x

e
2] (50)

where the normalized shear modulus is introduced as μ̃ = μ/μ0. The
normalized gravity F̃gravity is defined as

F̃gravity =
0
m̃g̃

[ ]
(51)

where the normalized gravity constant g̃ = gτ2/L. Furthermore, the
normalized aerodynamic drag force is defined as

F̃air = −c̃
sign( ˙̃u1) ˙̃u

1.8935
1

sign( ˙̃u2) ˙̃u
1.8935
2

[ ]
(52)

where the normalized aero-damping coefficient is introduced as

c̃ = 101.78/Aμ0 dL/τ
( )1.8935

. Now, one can write the nondimen-
sional equations of motion as

m̃ ¨̃u = F̃web + F̃gravity + F̃air (53)

Table 1 shows all physical and geometrical parameters used to
evaluate our model for prey response and energy dissipation.

Table 1 Physical and geometrical parameters

Physical quantity Notation Value (unit)

Fiber length L 1 (m)
Fiber diameter dsilk 4 (μm)
Shear modulus μ0 0.19 (GPa)
Kuhn number N 0.35
Silk anisotropy ω 0.40
Modulus ratio ζ 0.29
Silk dynamic viscosity η 0.25 (GPa ·min)
Silk damage gain Kb 0.37
Silk plasticity gain Kp 0.36
Prey mass m 0.5 (g)
Prey diameter d 10−5–10−2 (m)
Gravity constant g 9.8 (kgm/s2)
Air density ρa 1.225 (kg/m3)
Air kinematic viscosity κa 1.6 × 10−5(m2/s)
Impact velocity v0 0–10 (m/s)
Pre-stretch λp 1.05

Table 2 Normalized system parameters

Notation Value

m̃ 3.305 × 10−5

g̃ 6.2632 × 104

ṽ0 0–222.067
c̃ 0.0018

Fig. 6 (a) Schematic of the spider dragline and prey motion after impact, (b) displacement history response of the prey after
impact, (c) velocity–displacement phase diagram, and (d ) stress–velocity phase diagram
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Based on these data, the normalized parameters for the nondimen-
sional equations of motion are presented in Table 2. Furthermore,
the normalized Newtonian evolution rule is presented as

dξ

ξdt̃
= (1 − ζ)μ̃[ωŶ(λe, N)λe − zŶ(xe, y)xe] (54)

Note that the normalized shear modulus μ̃ = μ/μ0 has an initial
value of 1.

The equations of motion of the prey together with the consti-
tutive equations of the fiber segments comprise the highly non-
linear governing equations of the prey-web system. In order to
find the dynamic response of the system, numerical techniques
are used to find the time-stepping of the system response. It
is noted that the complex governing equations can be
re-formatted into a system of first-order ordinary differential
equations, which can be readily and accurately integrated in
time by using fourth-order Runge–Kutta method. The numerical
procedure is based on defining a variable xst which presents the

Fig. 7 (a) Displacement histories after impact of preys with different sizes, (b) velocity histories, (c) velocity–displacement
phase diagram, where black crosses denote the equilibrium states, (d ) total travel distance histories within t̃=0.01 after
impact, (e) air drag histories, and (f ) air drag-distance phase diagram, where black crosses denote the equilibrium states.

091009-8 / Vol. 87, SEPTEMBER 2020 Transactions of the ASME

D
ow

nloaded from
 http://asm

edc.silverchair.com
/appliedm

echanics/article-pdf/87/9/091009/6544653/jam
_87_9_091009.pdf by guest on 19 M

ay 2023



state of the specific fiber segment. Note that xst is a vector con-
sisting five components

xst =

μs

Ns

λsmax
ξs

δs

⎡
⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎦ (55)

The physical meaning of these five components has been
introduced in Sec. 2. Here, the superscript s is used to distin-
guish fiber segments. In addition, the time derivative of the
state variable is presented as ẋst , which can be readily defined
according to the previously introduced constitutive equations.
The deformation of each fiber segment, i.e., λstot at any instant is

determined by the variation of the coordinates of its two end points.
The coordinates of the two points at any instant are presented as

usA =
usA1
usA2

[ ]
(56)

and

usB =
usB1
usB2

[ ]
(57)

The length of the segment can be evaluated as

ls =












‖usA − usB‖

√
(58)

Considering the initial length of fiber segment as ls0. The total
stretch can therefore be evaluated as

λstot =
ls

ls0
(59)

Furthermore, the time derivative of λstot can be determined as

λ̇
s
tot =

l̇
s

ls0
(60)

The deformation rate of the fiber segment is correlated with the
position and velocity of its own two end points.
By using the deformation rate λ̇

s
tot and the effective stretch λ

s, the
rate of the state variable ẋst can be readily determined according to
the constitutive model. It is worth mentioning that the initial value

of the state variable is given as

xs0 =

μs0
Ns
0
1
1
1

⎡
⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎦ (61)

When pre-stretch is accounted for, the initial condition would be
updated according to the pre-stretch loading condition.
The numerical integration outlined here is used toward evaluating

the prey response corresponding to Fig. 4. This model can be easily
expanded for finding system response consisting of the entire web,
prey, and spider. However, we restrict our study in such a typical
simulation case where the prey dynamic response is evaluated for
specific conditions of m̃ = 3.305 × 10−5 impacts at the middle of
the spider dragline fiber (i.e., φ= 0.5) which has a pre-stretch λpr
= 1.05 and its normalized loading rate ˙̃λ pr = 1(i.e., λ̇ pr = 1/τ),
and initial prey velocity of ṽ0 = 222.067 without aerodynamic
damping consideration. Figure 6(a) shows prey response after
impact. The cyclic history of the vertical displacement is shown
in Fig. 6(b). The results show that for the parameters selected,
prey oscillates for number of cycles before reaching an equilibrium
position. The equilibrium displacement is achieved due to the
balance of the gravity and the tension in the spider dragline silk
fibers. Furthermore, the results indicate there is no overshoot
from the initial impact position. Figure 6(c) shows velocity–displa-
cement phase diagram, where the velocity finally goes to zero at the
equilibrium state. In addition, as shown in the tension-velocity
phase diagram Fig. 6(d ), a final residual tension remains to
balance the gravity as the velocity reduces to zero in the equilibrium
state. The largest displacement occurs at the moment of the first
stop. In this period, both damping mechanism and damage mecha-
nism are active. The extent of type-1 damage and type-2 damage are
determined by the largest stretch in the loading history. This implies
that during this period most of the kinetic energy of the prey is dis-
sipated since both type-1 damage and type-2 damage mechanisms
are active. At the first stop, the elastic restoring force of the fiber
is greater than the weight of the prey, which results in a rebounding
of the prey. It is noted that only viscous damping mechanism is
active during subsequent rebounding process. After repeating
several oscillations of dropping and rebounding, the kinetic
energy of the prey is completely dissipated.
In order to perform dynamic analysis of spider orb webs for a

more complicated geometry under impact loads, the constitutive
model is implemented as a user material subroutine in the commer-
cial finite element analysis software (ABAQUS/explicit), where truss
element is adopted. The finite element code was validated for the

Fig. 8 (a) Displacement versus total travel distance and (b) velocity versus total travel distance
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case presented in Fig. 6 and the results were in agreement with the
numerical results.
Our model is further evaluated in order to understand the effects

of prey size and aero-damping on the dynamic response of the prey
and its energy dissipations. Since the air drag is related to the prey
size, here we considered two typical prey sizes without loss of gen-
erality, d/L= 0.003 and d/L= 0.01, where the prey mass is taken as
a constant. The time histories of the displacement responses for the

three cases are shown in Fig. 7(a), where the amplitude, overshoot,
and settling time of the dynamic oscillation are reduced after the
introduction of air drag. The extent of the reduction depends on
the prey size. Figure 7(b) shows the time histories of the velocity
responses. Similar conclusions as those for displacement can be pre-
sented for the velocity history case. There are apparently little oscil-
lations when the fiber is impacted with a large prey size and
aerodynamic damping is also present. Figure 7(c) shows the

Fig. 9 (a) Histories of mechanical energy of the prey after impact without aero-damping, (b) histories of energy transforma-
tions without aero-damping, (c) histories of mechanical energy for the prey size d/L=0.003 with aero-damping, (d ) histories
of energy transformations for prey size d/L=0.003 with aero-damping, (e) histories of mechanical energy for the prey size
d/L=0.01 with aero-damping, and ( f ) histories of energy transformations for prey size d/L=0.01 with aero-damping
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velocity–displacement phase diagrams. The final equilibrium state
of the prey is marked by a black cross in the Fig. 7(c). The
results clearly show that as the prey size increases, the aero-
damping effect becomes more significant. This results in less
damage (types 1 and 2) to the fiber. Therefore, final equilibrium
position is less than those cases with no aerodynamic damping or
smaller prey size. The effects of aerodynamic damping can be
further manifested by considering the total travel distance of the
prey, Fig. 7(d ). The total travel distance the prey moved in a spec-
ified time period (t̃ = 0.01) was larger for the case of no aerody-
namic damping and reduced significantly for a larger prey size
and with aerodynamic damping active. The histories of air drags
versus time and travel distance are presented in Figs. 7(e) and
7( f ). The results indicate that while the direction of the drag
force changes due to prey oscillation for smaller prey, for a larger
prey the direction of drag force does not change due to lack of oscil-
lation. The prey simply stops at its first maximum displacement.
This can be further confirmed by the displacement-travel distance
diagram shown in Fig. 8(a) and velocity-travel distance diagram
Fig. 8(b), where the oscillations can be clearly shown.
Furthermore, we investigated the prey capture process from the

energy transformation and dissipation point of view. From the pre-
vious study, we showed three basic mechanisms for energy transfor-
mation: material damping (i.e., material internal friction,
degradation, and plastic deformation), material storage (i.e.,
elastic deformation), and aero-damping. These three mechanisms
account for the change of the mechanical energy of the prey (i.e.,
kinetic energy plus potential energy) from the initial impact to the
final equilibrium. The mechanical energy is denoted as E=T+P,
where the normalized kinetic energy T is defined as

T =
1
2
m̃ ˙̃u

2
2 (62)

and the normalized gravity potential energy as

P = −m̃g̃ũ2 (63)

At the instant of impact, the gravitational potential energy P0= 0.
Thus, the initial mechanical energy E0 of the prey is determined
by its initial kinetic energy T0 = 1/2m̃ṽ20. For illustration, the total
absorbed energy is defined as

Etot = E0 − E (64)

After impact, the energy dissipated by aero-damping Ea is eval-
uated according to the work done by air drag force as

Ea =
∫t̃1
t̃0

|F̃air| · | ˙̃u2|dt̃ =
∫t̃1
t̃0

c̃| ˙̃u2|
1.8935| ˙̃u2|dt̃ (65)

The normalized elastic energy stored in the material is deter-
mined by Eq. (31) as

Ee = ŴDJ (λ, λe, μ, N, ζ)/μ0 (66)

Thus, the energy dissipated by material damping and type-1 and
type-2 damages is evaluated from

Em = Etot − Ea − Ee (67)

To visualize these energy variations, their time histories
are shown in Fig. 9, where Figs. 9(a) and 9(b) are for the case
without considering aero-damping, Figs. 9(c) and 9(d ) are for
the case of prey size d/L= 0.003, and Figs. 9(e) and 9( f ) are for
the case of prey size d/L= 0.01. For the case of no aero-damping,
Fig. 9(a) shows the kinetic energy of the particle initially increases,
since there is little energy loss or storage for a short period after
impact. The velocity increases due to conversion of potential
energy to kinetic energy. However, further movement of the particle
results in energy loss due to different mechanisms and stored elastic
energy. The results also indicates for the case of no aero-damping,
when the tension in the fiber goes to zero after first stop, the total
energy is constant since there is no further energy loss or storage
active in that period (see Fig. 6(d )). Particle simply decelerates
due to gravity once tension goes to zero. Energy is further lost
after the second stop due to just viscous contributions. The results
for this case also indicate that energy loss due to viscous damping
and damages (both type-1 and type-2) is much larger than stored
elastic energy (see Fig. 9(b)). For the case when aero-damping is
present, Figs. 9(c)–9( f ) show that kinetic energy decreases immedi-
ately after impact. Furthermore, the energy loss due to aero-
damping is significantly higher than energy loss from other material
damping mechanisms. This is especially more pronounced for
larger prey size (see Fig. 9( f )). To elucidate this conclusion, the
energy loss percentage at the equilibrium is plotted as a function
of prey size. Figure 10 shows that as the prey size increases, the
energy dissipation due to aero-damping dominates energy loss
when compared with the mechanical energy loss (i.e., viscoelastic,
type-1 and type-2 damages).

4 Conclusions
To better understand the prey capture process of a spider orb web,

a multi-scale modeling approach is proposed. The approach consists
of development of a new anisotropic constitutive relation for spider
dragline silk based on its microstructure, and its dynamic response
due to prey impact and considering aerodynamic effects. The
special microstructure of the material is found to have amazing
energy absorption capability, which is the key factor for a success-
ful prey capture. The results show that the energy absorption by the
orb web is affected by several damage mechanisms related to its
microstructure, such as its viscoelastic properties, α-helix chain
fracture, and unfolding β-sheet spiral. These damage mechanisms
are incorporated in developing dynamic response of spider orb
webs. The results show that while these damage mechanisms dom-
inate prey energy absorption for small preys, for larger prey size the
aerodynamic damping is more dominant. In addition, the results
demonstrate that orb web have oscillatory response when prey
size is small. However, there is no oscillation when prey size is
large. The results also indicate that the orb web may suffer more
damage from impact by a smaller size particle than by a larger par-
ticle with the same mass.

Fig. 10 Percentage of energy losses due to different mecha-
nisms for various prey sizes
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Godinho, M. H., and Žumer, S., 2016, “Sensing Surface Morphology of
Biofibers by Decorating Spider Silk and Cellulosic Filaments With Nematic
Microdroplets,” Proc. Natl. Acad. Sci. U. S. A., 113(5), pp. 1174–1179.

[22] Yang, Q., and Li, G., 2014, “Spider-Silk-Like Shape Memory Polymer Fiber for
Vibration Damping,” Smart Mater. Struct., 23(10), p. 105032.

[23] Soler, A., and Zaera, R., 2016, “The Secondary Frame in Spider Orb Webs: The
Detail That Makes the Difference,” Sci. Rep., 6(1), p. 31265.

[24] Alam, M., Wahab, M., and Jenkins, C., 2007, “Mechanics in Naturally Compliant
Structures,” Mech. Mater., 39(2), pp. 145–160.

[25] Ko, F. K., and Jovicic, J., 2004, “Modeling of Mechanical
Properties and Structural Design of Spider Web,” Biomacromolecules, 5(3),
pp. 780–785.

[26] Tietsch, V., Alencastre, J., Witte, H., and Torres, F., 2016, “Exploring
the Shock Response of Spider Webs,” J. Mech. Behav. Biomed. Mater., 56,
pp. 1–5.

[27] Van Beek, J. D., Hess, S., Vollrath, F., and Meier, B., 2002, “The Molecular
Structure of Spider Dragline Silk: Folding and Orientation of the Protein
Backbone,” Proc. Natl. Acad. Sci. U. S. A., 99(16), pp. 10266–10271.

[28] Bueche, F., 1960, “Molecular Basis for the Mullins Effect,” J. Appl. Polym. Sci.,
4(10), pp. 107–114.

[29] Du, N., Yang, Z., Liu, X. Y., Li, Y., and Xu, H. Y., 2011, “Structural
Origin of the Strain-Hardening of Spider Silk,” Adv. Funct. Mater., 21(4),
pp. 772–778.

[30] Harmer, A. M., Blackledge, T. A., Madin, J. S., and Herberstein, M. E., 2010,
“High-performance Spider Webs: Integrating Biomechanics, Ecology and
Behaviour,” J. R. Soc. Interface, 8(57), pp. 457–471.

[31] Keten, S., Xu, Z., Ihle, B., and Buehler, M. J., 2010, “Nanoconfinement Controls
Stiffness, Strength and Mechanical Toughness of β-Sheet Crystals in Silk,” Nat.
Mater., 9(4), p. 359–367.

[32] Keten, S., and Buehler, M. J., 2010, “Nanostructure and Molecular Mechanics of
Spider Dragline Silk Protein Assemblies,” J. R. Soc. Interface, 7(53), pp. 1709–
1721.

[33] Hayashi, C. Y., Shipley, N. H., and Lewis, R. V., 1999, “Hypotheses That
Correlate the Sequence, Structure, and Mechanical Properties of Spider Silk
Proteins,” Int. J. Biol. Macromol., 24(2–3), pp. 271–275.

[34] Marko, J. F., and Siggia, E. D., 1995, “Stretching DNA,” Macromolecules,
28(26), pp. 8759–8770.

[35] Rubinstein, M., and Colby, R. H., 2003, Polymer Physics, Oxford University
Press, New York.

[36] Ogden, R. W., Saccomandi, G., and Sgura, I., 2005, “On Worm-Like Chain
Models Within the Three-Dimensional Continuum Mechanics Framework,”
Proc. R. Soc. A: Math. Phys. Eng. Sci., 462(2067), pp. 749–768.

[37] Kuhl, E., Garikipati, K., Arruda, E. M., and Grosh, K., 2005, “Remodeling of
Biological Tissue: Mechanically Induced Reorientation of a Transversely
Isotropic Chain Network,” J. Mech. Phys. Solids, 53(7), pp. 1552–1573.

[38] Kuhn, W., 1934, “Über die Gestalt Fadenförmiger Moleküle in Lösungen,”
Kolloid-Zeitschrift, 68(1), pp. 2–15.

[39] Arruda, E. M., and Boyce, M. C., 1993, “A Three-Dimensional Constitutive
Model for the Large Stretch Behavior of Rubber Elastic Materials,” J. Mech.
Phys. Solids, 41(2), pp. 389–412.

[40] Termonia, Y., 1994, “Molecular Modeling of Spider Silk Elasticity,”
Macromolecules, 27(25), pp. 7378–7381.

[41] Diani, J., Brieu, M., Vacherand, J.-M., and Rezgui, A., 2004, “Directional Model
for Isotropic and Anisotropic Hyperelastic Rubber-Like Materials,”Mech. Mater.,
36(4), pp. 313–321.

[42] Guinea, G., Pérez-Rigueiro, J., Plaza, G., and Elices, M., 2006, “Volume
Constancy During Stretching of Spider Silk,” Biomacromolecules, 7(7),
pp. 2173–2177.

[43] Reese, S., and Govindjee, S., 1998, “A Theory of Finite Viscoelasticity and
Numerical Aspects,” Int. J. Solids Struct., 35(26–27), pp. 3455–3482.

[44] Bergström, J., and Boyce, M., 1998, “Constitutive Modeling of the Large
Strain Time-Dependent Behavior of Elastomers,” J. Mech. Phys. Solids, 46(5),
pp. 931–954.

[45] Marckmann, G., Verron, E., Gornet, L., Chagnon, G., Charrier, P., and Fort, P.,
2002, “A Theory of Network Alteration for the Mullins Effect,” J. Mech. Phys.
Solids, 50(9), pp. 2011–2028.

[46] Pan, Y., and Zhong, Z., 2017, “Modeling the Mullins Effect of Rubber-Like
Materials,” Int. J. Damage Mech., 26(6), pp. 933–948.

[47] Liu, Y., Shao, Z., and Vollrath, F., 2008, “Elasticity of Spider Silks,”
Biomacromolecules, 9(7), pp. 1782–1786.

[48] Southard, J., 2006, Introduction to Fluid Motions, Sediment Transport, and
Current-Generated Sedimentary Structures, MIT Open Course. https://ocw.mit.
edu/courses/earth-atmospheric-and-planetary-sciences/12-090-introduction-to-
fluid-motions-sediment-transport-and-current-generated-sedimentary-structures-
fall-2006/course-textbook/ch2.pdf

091009-12 / Vol. 87, SEPTEMBER 2020 Transactions of the ASME

D
ow

nloaded from
 http://asm

edc.silverchair.com
/appliedm

echanics/article-pdf/87/9/091009/6544653/jam
_87_9_091009.pdf by guest on 19 M

ay 2023

http://dx.doi.org/10.1126/science.149.3689.1190
http://dx.doi.org/10.1038/scientificamerican0392-70
http://dx.doi.org/10.1073/pnas.87.18.7120
http://dx.doi.org/10.1039/b600098n
http://dx.doi.org/10.1111/j.1095-8312.1987.tb00294.x
http://dx.doi.org/10.1016/j.jmbbm.2016.12.008
http://dx.doi.org/10.1016/j.jmbbm.2016.12.008
http://dx.doi.org/10.1016/j.bpj.2010.01.021
http://dx.doi.org/10.1098/rsif.2011.0851
http://dx.doi.org/10.1098/rsif.2011.0851
http://dx.doi.org/10.1103/PhysRevLett.104.038102
http://dx.doi.org/10.1177/1056789505054313
http://dx.doi.org/10.1038/373146a0
http://dx.doi.org/10.1098/rsif.2014.0484
http://dx.doi.org/10.1016/S1672-6529(14)60136-0
http://dx.doi.org/10.1007/s10071-017-1069-7
http://dx.doi.org/10.1007/s10071-017-1069-7
http://dx.doi.org/10.1007/BF00606241
http://dx.doi.org/10.1007/s00114-018-1561-1
http://dx.doi.org/10.1007/BF00192316
http://dx.doi.org/10.1007/BF00192316
http://dx.doi.org/10.1016/j.anbehav.2017.06.015
http://dx.doi.org/10.1073/pnas.1518739113
http://dx.doi.org/10.1088/0964-1726/23/10/105032
http://dx.doi.org/10.1038/srep31265
http://dx.doi.org/10.1016/j.mechmat.2006.04.005
http://dx.doi.org/10.1021/bm0345099
http://dx.doi.org/10.1016/j.jmbbm.2015.11.007
http://dx.doi.org/10.1073/pnas.152162299
http://dx.doi.org/10.1002/app.1960.070041017
http://dx.doi.org/10.1002/adfm.201001397
http://dx.doi.org/10.1098/rsif.2010.0454
http://dx.doi.org/10.1038/nmat2704
http://dx.doi.org/10.1038/nmat2704
http://dx.doi.org/10.1098/rsif.2010.0149
http://dx.doi.org/10.1016/S0141-8130(98)00089-0
http://dx.doi.org/10.1021/ma00130a008
http://dx.doi.org/10.1098/rspa.2005.1592
http://dx.doi.org/10.1016/j.jmps.2005.03.002
http://dx.doi.org/10.1007/BF01451681
http://dx.doi.org/10.1007/BF01451681
http://dx.doi.org/10.1016/0022-5096(93)90013-6
http://dx.doi.org/10.1016/0022-5096(93)90013-6
http://dx.doi.org/10.1021/ma00103a018
http://dx.doi.org/10.1016/S0167-6636(03)00025-5
http://dx.doi.org/10.1021/bm060138v
http://dx.doi.org/10.1016/S0020-7683(97)00217-5
http://dx.doi.org/10.1016/S0022-5096(97)00075-6
http://dx.doi.org/10.1016/S0022-5096(01)00136-3
http://dx.doi.org/10.1016/S0022-5096(01)00136-3
http://dx.doi.org/10.1177/1056789516635728
http://dx.doi.org/10.1021/bm7014174
https://ocw.mit.edu/courses/earth-atmospheric-and-planetary-sciences/12-090-introduction-to-fluid-motions-sediment-transport-and-current-generated-sedimentary-structures-fall-2006/course-textbook/ch2.pdf
https://ocw.mit.edu/courses/earth-atmospheric-and-planetary-sciences/12-090-introduction-to-fluid-motions-sediment-transport-and-current-generated-sedimentary-structures-fall-2006/course-textbook/ch2.pdf
https://ocw.mit.edu/courses/earth-atmospheric-and-planetary-sciences/12-090-introduction-to-fluid-motions-sediment-transport-and-current-generated-sedimentary-structures-fall-2006/course-textbook/ch2.pdf
https://ocw.mit.edu/courses/earth-atmospheric-and-planetary-sciences/12-090-introduction-to-fluid-motions-sediment-transport-and-current-generated-sedimentary-structures-fall-2006/course-textbook/ch2.pdf

	1  Introduction
	2  Constitutive Model for Spider Dragline Silk
	3  Energy Dissipation in Prey Capture
	4  Conclusions
	 Acknowledgment
	 References

