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Abstract: An orb-weaving spider’s likelihood of survival is influenced by its ability to retain prey with minimum damage

to its web and at the lowest manufacturing cost. This set of requirements has forced the spider silk to evolve towards
extreme strength and ductility to a degree that is rare among materials. Previous studies reveal that the performance of the
web upon impact may not be based on the mechanical properties of silk alone, aerodynamic drag could play a role in the
dissipation of the prey’s energy. Here, we present a thorough analysis of the effect of the aerodynamic drag on wind load
and prey impact. The hypo-thesis considered by previous authors for the evaluation of the drag force per unit length of
thread has been revisited according to well-established principles of fluid mechanics, highlighting the functional dependence
on thread diameter that was formerly ignored. Theoretical analysis and finite-element simulations permitted us to identify air
drag as a relevant factor in reducing deterioration of the orb web, and to reveal how the spider can take greater—and not
negli-gible—advantage of drag dissipation. The study shows the beneficial air drag effects of building smaller and less
dense webs under wind load, and larger and denser webs under prey impact loads. In essence, it points out why the
aerodynamics need to be considered as an additional driving force in the evolution of silk threads and orb webs.
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1. Introduction
Spider silk is a notable example of an evolved material exhibiting properties, namely outstanding strength and ductility, that
make it effective for its use in prey capture [1–5]. While spiders depend upon these properties for survival, evolution has made
their silk tougher than almost any other known material [2,6]. Scientists seek to characterize the mechanical behaviour of spider
silk under different ambient and load conditions [7–10], to understand the micro-structural reasons for its exceptional
performance [4,11,12] and to manufacture threads with similar features [13–15]. Evolution through hundreds of millions of years
not only has led to a remarkable material, but also to a consummate struc-tural topology; orb-web spiders braid the threads to
build a capture surface that makes the most of the costly silk spun from their glands [5,16].
Many authors have studied the structural features of the orb web under quasistatic [5,6,17–19] or dynamic loading conditions
[16,20–22]. A specific feature of the spider webs, which requires a dynamic analysis, is related to the aerodynamic resistance. The
drag force owing to the relative motion between the threads and the surrounding air is, by nature, dynamic. Aerodynamic drag
implies an increas-ing risk of web destruction by winds [23], but it contributes to the impact resistance of the web. Its role in the
dissipation of an insect’s kinetic energy has been highlighted by some authors. However, the importance of aerodynamic dissipation for the function of orb webs is still unclear. While some studies suggest that it is crucial [23,24], others downplay its
importance [25].
Here, we present a thorough analysis of the effect of the aerodynamic drag on wind load and prey impact. The hypothesis
considered by previous authors for the evaluation of the drag force per unit length of thread has been revisited according to wellestablished principles of fluid mechanics. A finite-element model, suitable for treating the nonlinearities characterizing the impact
event, was developed and used to identify air drag as a relevant factor in reducing deterioration of the orb
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web, and to reveal the interplay between the structural topology of orb webs and the aerodynamic forces enhancing their
performance against prey impact.
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2. Method and models

2.1. Geometry of the orb web
The primary framework of the geometry is idealized as a regular convex polygon tied to a rigid support (boundary conditions
of the model) through mooring threads (figure 1a). The secondary framework is defined with a set of segments close to the
vertices of the polygon. In the capture region, the angular
distance between two consecutive radial threads was kept constant. Two spirals were modelled: the hub (logarithmic, small
and close to the centre with a high density of spiral threads)
and the capture spiral (much larger, Archimedean and located
at the periphery of the web). The geometry of the orb web is
completely defined by 11 independent parameters: number of
sides of the frame Ns and number of radial threads Nr, radius
of the polygon Rp, length of the mooring threads La, length
of the secondary frame threads Lsf, initial and final radii of
hub spiral (Rh1 and Rh2) and capture spiral (Rc1 and Rc2),
length of the logarithmic spiral Lh and separation distance for
the Archimedean spiral Cc. Figure 1a shows the geometry of
an orb web, considered as a reference case for the analysis performed in this work (see table 1 for corresponding values,
which can be identified by a tilde). This reference web was
defined approximating the geometrical characteristics studied
elsewhere, and is similar to that considered in the web
models presented by other authors [5,12,17,19–22]. The use
of a particular geometry prevents the analysis of the features
of webs built by specific spiders, given the variability
of geometries among species (spider webs exhibit considerable interspecific variability in various aspects), but it has
been considered by the authors as a proper methodology to
provide a view of the major effects of aerodynamic drag in
the mechanical behaviour of orb webs.
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Modelling wind load and prey impact on orb webs involves
the three characteristic sources of nonlinearities in solid
mechanics, namely nonlinear behaviour of materials, finite
deformations and contacts. In addition, the web is subjected
to a nonlinear aerodynamic force. The short duration of the
event and the presence of these nonlinearities make the use
of an explicit finite-element code to solve the equilibrium
equations recommendable. The explicit solver of the finiteelement code Abaqus v. 6.11 [26] was used for this purpose.
This section presents the main features of the model as well
as the methodology adopted to evaluate degradation
of the web.
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Figure 1. (a) Reference orb web with silk thread types, and parameters
defining the geometry for a general case. The sphere represents the prey.
(b) Stress –strain behaviour implemented in the finite-element code for
viscid spiral, radial and mooring þ frame threads. (Online version in colour.)

Table 1. Values of the parameters deﬁning the geometry reference case
(ﬁgure 1a), approximating the geometrical characteristics studied by
Vollrath et al. [23].
parameter

variable

value

no. of polygon sides

~N s
~N r

5

no. of radial threads
radius of polygon
length of mooring threads
length of secondary frame threads
initial radius of hub spiral
ﬁnal radius of hub spiral
initial radius of capture spiral
ﬁnal radius of capture spiral
length of logarithmic spiral
separation in Archimedean spiral

~Rp
~La
~Lsf
~Rh1
~Rh2
~Rc1
~Rc2
~Lh
~C c

33
141.4 mm
40.0 mm
22.3 mm
7.5 mm
30.0 mm
40.0 mm
110.0 mm
0.5 m
4.0 mm

2.2. Modelling the silk thread
We may define the stretch l of the thread as

l¼

dx
,
dX

(2:1)

where dX is the original length of a differential segment and
dx its corresponding deformed length. The Hencky or true
strain 1, defined as the natural logarithm of the stretch, was
considered. This nonlinear measure of strain is suitable for
large deformation phenomena. Multiplicative decomposition

of stretch into recoverable and non-recoverable components
automatically leads to the additive decomposition of the
strain into its elastic and inelastic parts
1 ¼ ln(le lp ) ¼ 1e þ 1p :

(2:2)

Deformation of silk essentially takes place under conditions
of volume constancy [27]. Then, the actual area of the cross
2

The constitutive behaviour is defined by Hooke’s law

where j is the hardening parameter and sY( j ) is the yield stress
given by a phenomenological law (similar to that used by other
authors [5] to fit an atomistically derived silk behaviour [4,28])

Re ¼

j vn jf
,
k

(2:8)

where vn is the normal component of the thread velocity
relative to the surrounding air and k the kinematic viscosity
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The threads have been idealized as cylinders with circular
cross section and constant diameter. The drag coefficient CD
for an infinite cylinder of diameter f varies depending on
the Reynolds number Re, which is defined as [34]

radial
viscid spiral

2.3. Modelling aerodynamic drag

5.0

where C, a0, a1 and b are material parameters, the first two
being related to the initial yield stress sY0 through the expression
C ¼ sY0 2 a0. An associated plastic flow rule, the complementary
Kuhn–Tucker conditions, the consistency condition and the failure
strain 1fail complete the constitutive model.
Silk threads show energy dissipation capacity through
hysteresis, providing additional damping during unloading.
Because the simulations performed in the following study
will focus exclusively on the loading process, there is no
need to account for the hysteretic behaviour of the material.
Similarly, the effect of strain rate has been shown by several
authors to enhance the mechanical behaviour of the silk
[2,29 –32]. However, these effects have not been considered,
because the lack of experimental data does not allow variation of initial stiffness, yield flow and failure strain with
strain rate to be precisely quantified.
The material parameters are shown in table 2, which have
been taken as representative of the nonlinear mechanical behaviour of the three types of silk threads—mooring þ frame,
radial and viscid spiral—as determined by several authors
[2,5,6,20,30,33], without specifying values for particular
species. These properties lead to the stress–strain behaviours
depicted in figure 1b. Table 2 also shows the diameter considered for each type of thread. A value of 1098 kg m23
was assigned for the density of all threads [22]. In order to
extend the analyses later presented for a wider range of silk
mechanical properties, thus for different silk protein compositions and spinning effects, wide variation in stiffness and
failure strain have also been considered. The results will not
be presented for brevity, but the trends obtained with the
reference silk properties are likewise valid.

0.19

(2:7)

Table 2. Thread diameter f and material parameters deﬁning the stress –strain behaviour for mooring þ frame, radial and viscid spiral threads (ﬁgure 1b).

sY (j) ¼ C þ bj þ a0 exp(a1 j),

115.5
3.53

(2:6)

mooring þ frame

f(s, j) ¼ jsj  sY (j) ¼ 0,

a1 (equation (2.7))

where E is the Young modulus, the yield criterion

140.2

(2:5)

a0 (equation (2.7)) (Pa)

s_ ¼ E1,
_

0.27
2.5

(2:4)

b (equation (2.7))
(MPa)

F
:
A

initial yield
stress, sY0 (MPa)

s¼

strain at
failure, 1fail

We consider the Cauchy or true stress s, defined as the ratio
between the force in the thread F divided by the actual area of
the cross section A

0.27

(2:3)

Young modulus,
E (GPa)

A0
:
l

diameter
f (mm)

A¼

plastic work at
failure (J m23)

section of the thread is given in terms of the initial cross
section by
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(k ¼ 16  1026 m2 s21 for air at 300 K and atmospheric
pressure). For the values of silk diameters (1.9 , f , 5 mm)
and air velocities (2 , j vn j , 30:5 m s1 ) considered in this
work, which cover typical silk threads and both prey
impact and strong wind conditions, the Reynolds number
takes values within 1021 , Re , 101. In this range, the
relation between drag coefficient CD and Reynolds number
for an infinite circular cylinder is linear, in a log –log graph
[34]. Thus, the relation between CD and Re is approximated
by a power law:
CD ¼ B  Rem

(2:9)

with B ¼ 12.18 and m ¼ 0.629 to fit the experimental results
reported by Tritton [35]. The drag force per unit length
applied to the silk thread is then given by
1
B
CD ¼  CD ra fj vn j2 un ¼  km ra f1m j vn j2m un , (2:10)
2
2
where ra is the air density (ra ¼ 1.225 kg m23 at 300 K and
atmospheric pressure) and un the unit vector in the direction
of vn . The minus sign means that the force has the opposite
direction to that of the normal velocity vn .
Many authors [24,25] considered, as a first approximation,
a drag force independent of the diameter in their analysis of
aerodynamic effects in spider webs. This hypothesis, resulting from a relationship between the drag coefficient and the
Reynolds number with m ¼ 1 in equation (2.9), may provide
sufficiently accurate results for prey impact conditions
(j vn j  1 m s1 ). However, an additional consequence of
adopting a value m ¼ 1 is the linear dependence on j vn j,
which leads to underestimation of the drag force at high
velocities, of importance if wind loads are considered. Therefore, a proper description of the drag force applied to a
cylinder should consider a relationship between the drag
coefficient and the Reynolds number such as that given by
equation (2.10) [35–38].
In the case of viscid spiral silk, which is coated with
aggregate glue, there is an additional factor to account for
because gluey droplets increase the drag force up to value
that can be close to 30% higher [24]. The analysis presented
herein considers spiral threads with and without droplets
in order to show their effect in the overall performance of
the web. The presence of droplets has been taken into account
increasing by 30% the value given in equation (2.10).

2.4. Internal and external power. Energy absorption
and dissipation
Considering stress and strain as homogeneous along a section, the stress power per unit volume may be evaluated by
the following expression:

l_
w_ ¼ s ¼ s1_ ¼ w_ e þ w_ p ,
l

(2:11)

where w_ e ¼ s 1_ e is the elastic power and w_ p ¼ s 1_ p is the plastic power, both per unit volume. The work dissipated by
plastic deformation in the web upon loading is evaluated as
ð t¼ ^t
ð
p
w_ p dt dV,
V ¼
(2:12)
Vweb

t¼0

where Vweb is the total volume of silk in the web and ^t is the
time at which the insect is halted. Plastic work was considered in this paper as a measure that quantifies the

degradation of the web produced by a single impact, as
described afterwards.
How the kinetic energy of the prey k e is decreased upon
impact is clearly shown through the global power balance
considered in the following analysis (web and prey are
regarded as a system):
_ D ¼ k_ e þ K_ e þ V_ p þ V_ e :
W

(2:13)

The elastic energy V e owing to recoverable deformation
of the silk and the kinetic energy of the web K e store
energy, whereas the plastic work V p owing to inelastic deformation of the silk and the work carried out by external forces
W D dissipate energy. Because the prey is modelled as rigid,
elastic and plastic energies are only measured in the web.
To date, no study has quantified the breaking load of the
bonds between spiral and radial threads [33]; therefore,
additional energy dissipation by the breaking of thread junctions is not accounted for in the power balance. The external
work rate is calculated through the integral of power
developed by the drag force over the whole length of silk
threads Lweb
ð
_D¼
CD vn dL:
(2:14)
W
Lweb

Because CD and vn have opposite directions, the external
work will be negative, which is consistent with the power
balance provided by equation (2.13).

2.5. Finite-element model
The silk threads were modelled with two-node linear displacement truss elements. Cable-like behaviour of the spider silk
thread was forced by setting at least two elements in each segment of the web, which introduces at least an intermediate
hinge along each segment to capture the low bending stiffness
of such a slender thread. This way, just a slight compressive
force induced in the thread leads to misalignment of the
elements, which immediately reduces its value. Peak compressive forces in the web were found during the analysis of the
simulations to be three orders of magnitude lower than yield
forces. The small characteristic size of the element along the
mesh, defined by the smallest spiral segment between two
radii, served also to softly match the spherical geometry of
the prey upon contact, and to satisfy the mesh convergence
analysis. Additionally, simulations of a transversally impacted
thread were performed to verify the propagation of both longitudinal and transverse waves in the linear elastic range, and the
results were satisfactorily validated against the corresponding
theoretical solution [39].
As stated in [17,20,21,40], orb-web spiders control pretensile forces in threads during web construction to gain
structural stability. In this work, the reference configuration
of the web was assumed to be unstretched and, consequently, unloaded. However, complementary simulations were
performed considering pre-stress in the silk threads. The
results will not be presented for brevity, but the trends
obtained with the unstressed web can also be extended to
the pre-stressed case (see electronic supplementary material).
The set of nonlinear constitutive equations are integrated
through an implicit stress update algorithm implemented in a
user subroutine. Regarding the aerodynamic drag force,
equation (2.10) was also implemented in the finite-element
4

code through a user subroutine. The adhesive effect produced by viscid capture threads was likewise incorporated
in the model.
The prey was modelled as a rigid surface in the finiteelement model, given the lack of representative stiffness
values available in the literature. Various sources were consulted to define the geometrical characteristics of the prey
[29,41,42]. Owing to the variability found among species, a
representative shape was used: a sphere with a diameter of
20 mm weighing 3  1025 kg, the size based on that of honeybees or grasshoppers. A reference value of the impact
velocity V0 ¼ 2 m s21 was assumed, and at normal incidence
to the web plane {x,y}. The same relative position of the
impact point was used for all the different analyses;
in the bisectrix of a sector of the polygon and halfway
along the radial segment of the capture spiral (figure 1a),
because prey impacts are eccentric in most cases. As commonly assumed in impulsive events, gravitational forces
have been neglected. Regarding wind conditions, the loading
process was simulated by progressively increasing air
velocity in the direction normal to the reference web plane.
It is worth pointing out that the vibrational behaviour of
the web does not play a role during the loading stage. Certainly, high-frequency oscillations are present during this
stage, but the numerical simulations confirmed that their
amplitude is negligible. Once the prey has stretched the web
up to its maximum deflection and starts to recoil, the global
vibration of the web contributes to dissipate the stored elastic
energy. However, the analysis performed in our work focuses
on the degradation induced by prey impact which, according
to the results of the simulations, develops just during the first
loading phase. Therefore, vibrational dissipation of energy
(by aerodynamic drag or hysteresis in silk threads) does not
contribute to diminish degradation in the web.
Regarding the influence of permanent spiral threads,
retained by Nephila spiders in their webs, their structural role
has been recently studied by Hesselberg & Vollrath [40]. Considering exclusively aerodynamic aspects, it is reasonable to
think that the presence of non-sticky spiral silk would not
result in a higher drag because it is placed within gaps of
the sticky spiral, replacing it rather than adding one.

2.6. Plastic work as a measure of the degradation in
the web
Energy absorbers in crashworthiness or ballistic applications
are commonly designed with materials that are capable of
keeping a high value of stress upon deformation and able to
show a large value of strain at failure [43,44]. In this way, the
material enables higher values of energy to be dissipated
through inelastic strain. Moreover, the structural typology is
designed to deliberately generate substantial deformation
and damage for a purpose of absorbing as much kinetic
energy as possible. Thus, an impact protection showing intense
and extended inelastic strains upon deformation is considered
as an efficient system. In other words, they are designed as
single-use elements, such as the bumpers of a car or the
panels of an armour, which are commonly changed after the
impact event as soon as damage is visible. However, an orb
web has no additional armour to preserve its primary preycapture function. That is, it has to protect itself from the
impact. Therefore, one of the most important structural features of a spider web should be its multi-hit capability: the

ability to withstand a number of prey impacts before failure.
This will save the nutritional resources required to rebuild a
web in the event of partial failure, or to build a new one in
the event of complete failure. Regarding its impact response,
a spider web can be considered as a reusable system.
A low harmful impact would be that producing only elastic
strains; in such a case, the mechanical properties of the web will
remain the same. But, higher impact velocities may produce
inelastic strains in some threads, leading to a certain level of
degradation in the web: it will remain slack (having greater
accelerations), damage processes start to develop at the microstructural level [4,28] and the amount of energy that can be
dissipated by deformation before failure decreases. Thus,
each impact involving inelastic strains may be considered as
a cumulative damage event in a process that eventually leads
to failure.
A simple yet reliable method to account for cumulative
degradation in structures subjected to the effect of dynamic
cyclic loading is through plastic energy concepts. Similar
approaches are commonly used to quantify the severity of
dynamic cycling loading for practical seismic design [45].
According to this methodology, the plastic work dissipated
in the web V p can be used as a direct measure of the severity
of the loading process. The proposed approach is macroscopic in the sense that V p is a global measure, and that
the distribution of plastic work among the different threads
is not represented here. However, it permits a rapid evaluation of the degradation in the web after one loading event
and a quantitative comparison between the efficiency of
different web architectures.

3. Changes in the orb-web geometry modify the
drag force
A closed-form expression to approximate the aerodynamic force acting on the capture area of the web will be
derived. Mooring and frame threads are excluded from this
expression, because their lengths (therefore the associated
drag force) are commonly much less than those of radial
and spiral threads.
We may consider a baseline geometry of the capture zone
~ angular distance between radial
with external radius R,
~
threads dr and distance between spiral threads ~ds . The reference silk diameters are f~r for radial threads and f~s for
spiral threads. For the sake of simplicity, the Archimedean
spiral extends from the centre to the outer limit of the capture
~ thus the hub is obviated. Starting from this
area (0  r  R),
reference web, variations in size are now introduced through
~ and ~ds ; this factor permits
a scale factor aH affecting both R
one to obtain a thread pattern homothetic to the baseline
geometry. Let us consider additional changes in the geometry
through two new scale factors, the first one ad scaling separation between threads of the same family (both radial and
spiral) and the second one af scaling simultaneously the
diameter of both types of thread (figure 2).
The following equations are obtained through a continualization process in which the web composed of discrete
threads is changed by a continuum. This permits one to
derive, taking advantage of the differential and integral calculus, useful expressions for the analysis of air drag effects.
Figure 2 shows a part of this ideal capture zone. Considering a sector of this web centred in the intersection between
5

capture zone, we may assume the following linear velocity
profile in the web:


r
vn ¼ vprey 1 
,
(3:11)
~
aH R

~
add r

~
a Hadd s

where vprey is the velocity at the centre of the web, coincident
with that of the prey. The drag force acting on the capture
area is then

sector

~prey ,
Fprey ¼ Fprey,r þ Fprey,s ¼ La F

r
web
centre

Figure 2. Sector of the capture area for the estimation of the drag force.
two threads at a position r, the lengths of radial and spiral
silk on it are given by
Lr ¼ aH ad ~ds

(3:1)

Ls ¼ rad ~dr

(3:2)

(3:12)

~prey is the drag force corresponding to the baseline
where F
web
!
1m
~ f~1m
R
f~r
m ~
s
~
v2m
Fprey ¼ pBk ra R
þ
prey
d~r (3  m) d~s (4  m)(3  m)
(3:13)
and the web-drag coefficient La has the same expression
obtained for wind load (equation (3.10)).

and

3.3. Influence of geometrical scale factors on web drag

and the sector area by
A¼

aH a2d

~dr ~ds r:

(3:3)

Thus, the areal density of silk length for each type of thread is
Lr
1
¼
A ad ~dr r

(3:4)

Ls
1
¼
:
A aH ad ~ds

(3:5)

hr ¼
and

hs ¼

Equations (2.10), (3.4) and (3.5) permit one to estimate the
drag force acting on radial and spiral threads through the
following expressions:
ð aH R~
Fr ¼ 2p
hr CD r dr
(3:6)
0

and
Fs ¼ 2p

ð aH R~

hs CD r dr:

0

(3:7)

3.1. Drag upon wind load
Taking vn ¼ vwind in equation (2.10), the drag force acting on
the capture area is
~wind ,
Fwind ¼ Fwind,r þ Fwind,s ¼ La F

(3:8)

~wind is the drag force corresponding to the baseline
where F
web
!
~1m ~ ~1m
~wind ¼ pBkm ra R
~ fr þ R fs
v2m
(3:9)
F
wind
d~r
2 d~s
and La is a web-drag coefficient depending on the three
scale factors

La ¼

aH a1m
f
:
ad

(3:10)

3.2. Drag upon impact load
Considering for the sake of simplicity a centred impact and
boundary conditions acting at the outer periphery of the

Spiders do not have control over the parameters k , ra, B and
m in equations (3.9) and (3.13). On the contrary, the spider
may include structural changes in the orb-web through the
scale factors a H and ad . The coefficient La , which groups
the scaling factors, permits one to understand how changes
in the geometry of the web may modify aerodynamic forces
under wind or impact loads: an increase in web size, as
well as a decrease in the distances between threads of the
same family (radial or spiral), raises drag.
Among the different abovementioned aspects driving the
web geometry, manufacturing costs play a key role. As stated
by several authors [46– 48], energy investment in webs is
properly characterized through the total volume of silk,
most of which is linked to the capture area. By following
the previous approach, this volume can be estimated as
ð aH R~
pa2f
2
2
V ¼ 2p
(hr f~r þhs f~s )r dr
4
0
!
~ f~2 R
~ f~2
aH a2f p2 R
r
s
:
(3:14)
þ
¼
2
ad
d~r
2 d~s
Thus, variations in the web geometry fulfilling the following
condition:
2aH ad af daf  aH a2f dad þ ad a2f daH ¼ 0,

(3:15)

keep constant the silk volume invested in the capture zone. If
the overall size of the capture zone remains unchanged (aH
constant), thus keeping constant the area available to intercept
prey, equation (3.15) can be integrated leading to the following
relation between diameter and thread-spacing factors:

a2f ¼ ad

(3:16)

and the web-drag coefficient becomes
aH
La ¼ (1þm)=2 :
ad

(3:17)

The distance between threads of the same family therefore
emerges as a key parameter that may contribute to decrease
drag force under wind load (higher ad) or to increase drag dissipation under impact load (lower ad). Certainly, at equal raw
6

(1þm)=2

aH
ad

:

Thus, spiders may increase or decrease the drag force by increasing or decreasing the size of the web (aH), respectively. Both
equations (3.17) and (3.19) reflect the effect of increasing the
thread length at the expense of reducing the thread diameter,
leading to a higher aerodynamic drag—at equal silk volume.
Coupled aerodynamics–structural analyses will be performed in the following sections in order to uncover how
the spider may enhance the performance of the orb-web
(under wind load or prey impact) through the introduction
of suitable modifications in the geometry, taking advantage
of the aerodynamic effects. All these analyses will be performed under the hypothesis of silk volume constancy. There
is a strong tendency in the world of biology to make the
maximum use of finite resources; saving operational energy
allows the organism to spend more energy to reproduce.
Adding a constraint of constant silk volume to this study
permits a valuable insight into the way energetic resources
are used by spiders in a more efficient way. The results
obtained with this constraint permit one to show how and
why the spider can adapt web design to service conditions,
reaching higher structural efficiency at constant silk expenditure. Additionally, keeping constant the amount of silk
allows one to preserve the structural features of the web
roughly unchanged, as will be shown subsequently, and
therefore to focus specifically on the aerodynamic effects.
Section 4 presents the results corresponding to wind and
impact load, which will be discussed in the last section of
the article.

4. Aerodynamic drag upon wind or impact load
On the basis of the reference web geometry, additional geometries were generated by scaling either the distances between
threads of the same family (spiral and radial) by the factor
ad, or the web size by the factor aH. A unit value of ad and
aH corresponds to the mesh geometry shown in table 2.
Because the current analysis focuses specifically on the
aerodynamic effects, mooring and frame threads have been
excluded from scaling in the diameter, because this would
strongly modify the structural behaviour of the web.
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(3:19)

critical wind velocity (m s–1)

La ¼

80
drag force (no droplets)
drag force (droplets)
drag force (fitting with equation (5.1))

60
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Vcrit (droplets)

drag force (mN)
(for reference wind velocity)

and the web-drag coefficient becomes

(a) 35
critical wind velocity (m s–1)

material costs, this requires a higher or a lower thread diameter
af, respectively.
Similarly, we may determine the web-drag coefficient corresponding to a variation of the capture area at constant silk
volume. Keeping constant ad and permitting variations of aH
and af, integration of equation (3.15) leads to the relation
rﬃﬃﬃﬃﬃﬃ
1
,
(3:18)
af ¼
aH

20
0.8

0.9
1.0
1.1
web size scale factor (aH)

1.2

1.3

Figure 3. (a) Influence of the distances between threads of the same family
(radial and spiral) on critical wind velocity (finite-element results), and on
drag force at vwind ¼ 18.7 m s21 (finite-element results and analytical
approach). (b) Influence of web size on critical wind velocity (finite-element
results), and on drag force at vwind ¼ 17.7 m s21 (finite-element results and
analytical approach). Analysis at constant silk volume. (Online version in colour.)
between threads of the same family ad and web size aH is
presented in figure 3a,b, respectively. Likewise, each figure
shows the influence of ad and aH on the drag force.
It is worth pointing out that the thread diameters resulting
from the variation in ad and aH are reasonable, 0.84  af 
1.14 according to equations (3.16) and (3.18), keeping in
mind that some authors found that thread diameters within
webs of individual spiders can vary by as much as 600% [49].

4.2. Impact load
Impacts of the reference prey onto the webs defined by variations in ad and aH were simulated with the finite-element
code, and the corresponding results are shown in figure 4a,b.
Now, the scale ratio aH ranges from 0.3 to 1.2, which covers
the range of orb-web sizes woven by small and large spiders.
The thread diameters resulting from the variation in ad and
aH are 0.84  af  1.82. Plastic work, without and with drag,
and aerodynamic work are determined, the former being
included in order to keep track of degradation of the web.

4.1. Wind load

5. Discussion

Let us define the critical wind velocity as that leading to the
collapse of the web, characterized by the failure of a mooring
thread (breakage of one of these threads strongly compromises the primary prey-capture function for the geometry
considered in this work). This critical velocity was calculated
with the finite-element code, and its dependence on distances

According to figure 3a, the web is more efficient under wind
loads when the spider spins a less dense capture area: it can
withstand stronger winds when using larger distance between
radial and between spiral threads. The improvement in the
structural behaviour of the web is due to the reduction of the
drag force, as seen in figure 3a. It becomes clear that gluey
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Figure 4. (a) Influence of the distances between threads of the same family
(radial and spiral) on plastic work and aerodynamic work. (b) Influence of
web size on plastic work and aerodynamic work. Analysis at constant silk
volume. (Online version in colour.)

droplets lead to lower values of the critical wind velocity.
Moreover, the influence of ad in the drag force is properly
captured by the web-drag coefficient defined in equation (3.8)
Fwind ¼

~wind
F

a(1þm)=2
d

,

(5:1)

where the condition given by equation (3.17) and aH ¼ 1
(constant capture area, and equal to that of the reference
web) were considered. In figure 3a, the reference drag force
~wind corresponding to ad ¼ 1 has been obtained from the
F
finite-element results.
Likewise, figure 3b shows how the web is more efficient
under wind loads when the size of the capture area is smaller
(at equal silk volume): according to the simulation results, it
can withstand stronger winds when spinning smaller webs,
with or without droplets. The improvement in the structural behaviour of the web is due to the reduction of the drag force, as
seen in figure 3b. The variation of the drag force is also captured
by the web-drag coefficient defined in equation (3.8)
(1þm)=2

Fwind ¼ aH

~wind ,
F

(5:2)

where the condition given by equation (3.19) and ad ¼ 1 were con~wind corresponding
sidered. In figure 3b, the reference drag force F
to aH ¼ 1 has been obtained from the finite-element results.
The previous analysis is consistent with the results of
Liao et al. [50], who examined how aerodynamic forces
affected the structural properties of orb webs built by Cyclosa
spider species inhabiting areas with different levels of wind

disturbances. As concluded by those authors, ‘To cope with
strong winds, orb spiders inhabiting seashore area build smaller and less dense webs with thicker and stronger silk threads’.
Similar results were obtained by other authors [23,51,52], who
showed that spiders reduce radii number, spiral length and
capture area when they detect a windy environment. Looked
at in another way, in the absence of strong winds, when prey
impact becomes the most relevant load, the spiders may take
advantage of spinning larger and denser webs. Next, we will
clarify the reasons behind such behaviour.
According to figure 4a, the benefit of using different distances between threads of the same family (radial and spiral)
under impact loading without the effect of drag forces is not
clear: the plastic work experiences just a slight decrease for a
large reduction in ad, which can be assumed to be owing to
more uniform distribution of the contact force among the
various elements of the structure (smaller distance between
threads). Obviously, this is a consequence of assuming the constraint of constant silk volume, which preserves the amount of
structural material present in the web. However, we find a clear
advantage to using closer spacing when drag forces are considered: the plastic work undergoes a strong decrease. This
effect is clearly owing to an increase in the work performed
by the aerodynamic forces, as shown in figure 4a. It becomes
manifest that gluey droplets lead to lower values of the plastic
work. Likewise, the benefits of spinning large webs under
impact loading become evident when considering the effect
of the drag (figure 4b). Both longer threads in the capture
area and higher out-of-plane compliance, which permits
higher velocities and displacements of the web, lead to greater
dissipation of energy owing to drag. By the same rule, small
webs do not benefit from the aerodynamic force; as figure 4b
shows, the difference between the plastic work without and
with drag is barely notable for the smallest web considered
in the analysis. Thus, the spiders that gain the most from
aerodynamic drag are those building larger webs.
According to the present analysis, spiders find a clear
advantage to modifying the web topology depending on
the loading conditions. Certainly, there are other factors
conditioning the geometry of the web. For instance, a smaller
thread spacing permits catching smaller prey, and a larger
web increases the capture area and the probability of prey
interception [53]; on the other hand, larger silk length implies
higher building and behavioural costs. Likewise, the pressure
to capture large prey in order to boost the energetic gain and
ensure reproductive success dictates additional requirements
for web size and of the distances between threads [54,55]. In
any case, in the strong evolutionary tension between topological changes in webs that enhance prey interception and
retention and those that reduce energetic costs, the interplay
between geometry and drag should be considered as an
additional driving factor in the evolution of web architecture
and silk biomechanics. The benefits of changing the web topology for either increasing or decreasing aerodynamic drag
are too high to be disregarded in the evolutionary process.
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