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Owing to their exquisite geometric structures and excellent mechanical properties, spider orb webs
possess an outstanding ability to capture flying prey. In this work, we report a mechanism that
enhances the energy absorption ability of spider webs. Through systematic measurements of the
mechanical properties of both spiral and radial silks, we find that the spiral silks feature a distinct
gradient variation in the diameter and tensile stiffness along the radial direction of the web, while
the radial silks have a much higher but approximately uniform stiffness. A mechanical model is
proposed to reveal the functional gradient effects on the energy absorption of the web. The results
show that due to the gradient variation in the mechanical properties of spiral silks, the web exhibits
a nearly uniform energy absorption ability regardless of the position where a flying prey impacts
the web. This optimal structural feature of the web greatly enhances its efficiency and robustness in
prey capture. This work not only helps understand the optimal mechanisms of spider webs but also
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provides clues for designing anti-impact structures. Published by AIP Publishing.
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Through natural evolution, almost all biological materi-
als possess exquisite structures adaptive to their essential
functions, e.g., honeycombs,1 silkworm cocoons,2 seashells,3
sponge endoskeletons,* and bovine horns.”> For example, spi-
der orb webs possess an ideal embodiment of lightweight
network structures with superior strength and elasticity® to
undertake various loads in the natural environment, e.g., the
impacts of flying insects,” wind,'® and water droplets.'!
The synergy between the mechanical properties and geomet-
ric structures of a spider web plays a significant role in its
biological functions.”'*!?

Spiders have evolved a superior ability to adapt to the
complex environment by architecting webs with different
types of silks.'*!" Strikingly, a spider can produce quite a
few types of silk threads (e.g., major ampullate, minor
ampullate, and flagelliform) with greatly different mechani-
cal properties and geometric sizes in a web.'®!” For exam-
ple, radial silks usually have high stiffness, while spiral silks
are soft and stretchable.® Silk threads produced by the same
silk glands under different conditions can also exhibit varied
mechanical properties.'® In addition, the geometric features
of a spider web, e.g., the angles and distances between adja-
cent threads'*'” and the bizarre web decorations,”® also
affect its performance in prey capture. Owing to the optimal
material properties and geometric structures, a spider web
can not only sense and discern tiny vibrations induced by
small preys! or wind?* but also withstand the impacts of rel-
atively large insects and birds.”**?

In spite of their different functions, the synergy of radial
and spiral silks is crucial in the energy absorption and
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structural integrity of a spider web.”** Owing to the balance
between the mechanical properties of spiral silks and glue
droplets, a web exhibits an outstanding energy absorption
capacity and mechanical integrity.”> Although the mechani-
cal properties of spiral and radial silks have been studied sep-
arately,®!'7° it remains unclear how they are harmonized to
enhance energy absorption ability.

In this work, we further investigate, both experimentally
and theoretically, the energy absorption mechanisms of spi-
der orb webs. Our experiments show that the mechanical
properties of the spiral silks feature a significant gradient
variation along the radial direction of a web. By using a
mechanical model, we demonstrate an enhancing mechanism
in spider webs, that is, the functional gradient properties
endow the web with an optimal anti-impact performance no
matter where an impact load is exerted.

Spiders Araneus ventricosus were raised in our labora-
tory. A wooden frame was used for each spider to weave a
web. Once a web had been completely weaved, it was taken
away from the wooden frame for further testing. To prevent
rupture or stretch of any silks in this process, we used a
metallic ring coated with a layer of double-sided tape®’ to fix
the web [Fig. 1(a)]. The samples were manipulated under a
microscope (VK-X100 K, Keyence, Japan). Before the
mechanical measurement, each spiral silk sample was trans-
ferred from the web to a cardboard with a hole of diameter
5.5mm. The two ends of the silk sample were fixed over the
hole by double-sided tape. The spiral silk threads in a sector
region of the web”® were numbered along the radial direction,
as shown in Fig. 1(a). The spiral silk threads in the outer
circles were sufficiently long such that we could acquire sev-
eral samples simultaneously using a cardboard with periodic
holes.

Published by AIP Publishing.
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After the spiral silk threads had been removed, the radial
silk samples were taken from the same web to set up the
mechanical test.

A polarized optical microscope (VK-X100 K, Keyence,
Japan) was used to observe and measure the morphology of
the silks. The diameter of each spiral and radial silk was
measured at least 5 times.”’ The average diameter of each
sample would be used in the calculation of tensile stresses in
its uniaxial tension test. The geometric parameters and num-
ber density of the glue droplets on the spiral silks were also
measured.

Uniaxial tension tests were performed to determine the
mechanical properties of the spiral and radial silk threads. A
nanomechanical tensile testing machine (T150 UTM,
Agilent, USA) with a load resolution of 50 nN and an exten-
sion resolution of 35 nm was used. A cardboard was used to
fix the two ends of a silk sample. It was clamped by the grips
of the testing machine and then cut through before loading
such that only the silk sample sustained the tensile force.
The tests were conducted at a fixed strain rate of 0.005/s at a
room temperature of ~25 °C.

Finite element simulations are performed by using
ABAQUS (6.10)°*?! to investigate the energy absorption
mechanisms of spider webs. In the simulations, we consider a
two-dimensional orb web model, as shown in Fig. 2(a), which
consists of 10 radial threads of 30 cm in diameter and 10 spi-
ral threads. The radial silks are uniformly distributed, with an
angle of 36° between any two neighboring silks, whereas the
spiral silks have a uniform spacing of 15mm. Since all
threads are approximately in a uniaxial tensile stress state,”>
we used truss elements to mesh the web.>*>'** For simplicity,
we assume that both radial and spiral silks are linear elas-

tic,'>** while noting that our finite element simulations show
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FIG. 1. Photos of (a) an orb web and
its spiral silks covered with glue drop-
lets in (b) the inner and (c) outer parts
of the web, respectively. (d) Number
densities of glue droplets and (e) diam-
eters of spiral silks in the inner and
outer parts of the web.
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that the nonlinear elasticity of the silks does not affect the
main conclusions of this paper.

Displacement boundary conditions are specified at the
outer ends of the radial silks. All outermost nodes of the web
are fixed.'>'®> Small pre-stretches are applied to both the
radial and spiral silks to mimic the prestress state in real orb
webs.'? In the model, a flying insect is assumed to impact at
the middle position of the spiral silk, inducing a concentrated
force F of 50 uN perpendicular to the web plane, as shown in
Fig. 2. We perform numerical simulations to compare the
stress and displacement distributions, as well as the energy
absorption, when the force is exerted at different silks.

The morphology of spiral silks is shown in Figs. 1(b)
and 1(c). In contrast to the smooth and non-sticky radial silk
threads, the spiral silk threads are coated with a thin layer of
sticky glue. As a consequence of Rayleigh instability, the
coating glue typically breaks into uniformly distributed drop-
lets, rendering a unique bead—chain appearance.’ In each
spiral silk thread, the glue droplets were equally distributed.
The average number density of the droplets per unit length is
about 15mm™! [Fig. 1(d)]. Our measurements showed that
the diameters of the spiral silk threads in each web are close
to each other, and their average diameter is 6.4*=1.3 um, as
shown in Fig. 1(e).

Figures 3(a) and 3(b) show the experimental stress—
strain curves of the spiral and radial silks, respectively. The
spiral silks in each group (I, II, or III) were taken from the
same sector of a web, as indicated by the inset in Fig. 3(a). It
is seen that the mechanical properties of the spiral silk sam-
ples from the same thread are close to each other but exhibit
a significant change along the radial direction of the web.

Figure 4 shows the gradient variations in the mechanical
properties of spiral silk threads along the radial direction of

Stress distribution

B High

i Low

FIG. 2. (a) Calculation model for an
orb web subjected to the normal
impact of a prey and (b) stress distribu-
tion in the web when the prey impacts
at the middle position of the 8th spiral
silk.



103701-3 Guo et al.
(@) Spiral silk (b) Radial silk
500 1000 SiK]
i
400} Group | 800 | .
— Middle
300 600 I —— O ter
200 400
100 200
9 0 : . .
0 03 06 09 12 15 0.0 0.2 04 0.6 0.8
250 1000 Sk
i
< 200} Group Il = 800
o o
= 150 = 600
% 100 2 400
O o
o o
& 50 & 200 )
0 0 " .
00 03 06 09 12 15 00 02 04 06 08
400 1000 y
Group I Q 800 Silk 11l
300 — Middle
600 r — Outg,
200
400
\
100 200
0 0 . .
00 03 06 09 12 15 00 02 04 06 08
Strain Strain

FIG. 3. Stress—strain curves of (a) spiral silks and (b) radial silks. The yel-
low, red, and blue curves correspond to silks in the inner, middle, and outer
regions in the web, as shown in the insets.

the web. Three representative webs are given as examples.
The spiral silks in the inner region of the web have a smaller
stiffness (Young’s modulus ~2.1 MPa), a lower strength
(ultimate stress ~75MPa), a larger extensibility (ultimate
strain ~1.2), and a lower energy absorption ability (fracture

Appl. Phys. Lett. 113, 103701 (2018)

TABLE I. Statistics of the mechanical properties of the radial silks in the
inner, middle, and outer regions.

Inner Middle Outer
Diameter (um) 12.1+33 11.5*+39 11.5*+3.1
Ultimate strain 0.42*+0.13 0.46 =0.10 0.46 = 0.11
Tensile strength (MPa) 539 =303 647 =339 642 + 426
Ultimate force (mN) 552*16.3 57.6 £20.2 56.7 £20.3
Young’s modulus (GPa) 1.68 =2.04 1.23 = 1.67 145+ 1091
Fracture work (MJ/m®) 108 £93 123 £ 69 125 £98

work ~12MJ/m®). The Young’s modulus and tensile
strength of the spiral silks in the outer region are ~20.8 MPa
and ~450 MPa, which are approximately 9.9 and 6.0 times
higher than those in the inner. The extensibility of the silks
in the outer region is relatively low (with the ultimate strain
~0.7), but its energy absorption capability (fracture work)
reaches up to ~77 MJ/m’, which is ~6.4 times higher than
those in the inner. Therefore, the spiral silks near the periph-
ery are stiffer and stronger than the paracentral ones.

In contrast to the significant gradient functional varia-
tions in the spiral silks along the radial direction of the web,
the variations in the mechanical properties of the radial silks
are almost negligible, as shown in Fig. 3(b) and Table I.
Their tensile strength is ~600MPa, Young’s modulus
~1.5 GPa, and fracture work ~120 MJ/m> , which are signifi-
cantly higher than those of all spiral silks. The average
strength and Young’s modulus of the radial silks are 1.3 and
72.1 times higher than those of the spiral silks in the outer
region and 8.0 and 714.3 times higher than those of the spiral
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silks in the inner region. The energy absorption capability of
the radial silks also overmatches that of the spiral silks,
amounting to 10.0 and 1.6 times larger than those of the spi-
ral silks in the inner and outer regions, respectively. In the
subsequent numerical simulations, therefore, we will assume
that the radial silks have uniform mechanical properties.

Using the model in Fig. 2(a), we now perform finite ele-
ment simulations to examine the effect of the gradient varia-
tions in the mechanical properties of the spiral silks on the
energy absorption of an orb web. The spiral silks are simpli-
fied as concentric circles, instead of an Archimedean spiral
curve.'??%3® Assume that both radial and spiral silks are lin-
ear elastic. Following our experimental measurements, the
Young’s modulus of the radial silks is fixed as E; = 1.0 GPa.
We compare four webs with different Young’s modulus Ej
for the spiral silks. In the first three examples, we take (i)
Es = 5.0 MPa, (ii) Es = 25.0 MPa, and (iii) E5 = 50.0 MPa,
while in the last example, E increases linearly from 5.0 MPa
in the innermost layer to 50.0 MPa in the outermost layer.

When an orb web is subjected to the normal impact of a
prey, its silk will be stretched due to the out-of-plane deflec-
tion of the web.?* The web absorbs the kinetic energy of the
prey, leading to an increase in the total elastic strain energy
in the web. In this work, the energy absorption Uy, is calcu-
lated by the increment in the total elastic strain energy in the
web from the initial but pre-stretched state to its peak value
upon impact. In the calculations, we assume that a concen-
trated force F is exerted at the mid-point of a spiral silk
thread in a sector of the web.

To examine the functional gradient effect, Fig. 5 shows
the energy absorptions of the whole web (Uyep) and the
loaded spiral silk (Ugx) under different conditions. It can be
seen that the total energy absorption of a web depends on
both the mechanical properties of the silks and the impact
locations. The softer the spiral silk, the larger the energy
absorption. The absorbed energy increases as the impact

Appl. Phys. Lett. 113, 103701 (2018)

locations move along the radial direction of the web. In the
case (i) where E; = 5.0 MPa, for example, the energy absorp-
tions Uyep change from 0.17 uJ to 0.66 wJ when the position
of the impact load (¥ = 50 uN) is moved from the innermost
spiral silk to the outermost. For spiral silks with gradient prop-
erties, the lowest energy absorption (Uye, = 0.17 uJ) occurs
when the innermost spiral silk is impacted, while the largest
value (Uye, = 0.29 uJ) occurs when the force is applied at the
8th spiral silk.

To more clearly illustrate the changing tendency of energy
absorption when the impact load is exerted at different posi-
tions, Fig. 5(b) shows the energy absorption normalized by
that when the force is applied at the innermost silk,
Uyen/ Uivle)b. The ratio between the maximal and the minimal
energy absorptions of the gradient web (Case iv) is smaller
than 1.65, but the corresponding values of the uniform webs
(Cases i—iii) are 3.88, 2.43, and 1.93, respectively. This demon-
strates that the functional gradient web has a relatively uniform
energy absorption ability regardless of the impact position.

The spiral silk on which the external load directly acts
stores a large amount of energy and is most susceptible to
damage.37 Figures 5(c) and 5(d) show the normalized energy
Uik stored in the loaded spiral silk. In the web comprising
functional gradient spiral silk (Case iv), Uk is substantially
smaller than that in a web with a uniform stiffness of spiral
silk (Cases i—iii). In Case (iv), the energies Ugx change from
0.056 wJ to 0.168 wJ when the position of the impact load is
moved from the innermost spiral silk to the outermost, with
the largest ratio of variation in energy absorption reaching a
factor of 3.0. By contrast, for Cases (i)—(iii), the correspond-
ing Uk values are from 0.055 uJ to 0.61 pJ (a ratio of 11.1
times) in Case (i), 0.015 uJ to 0.238 wJ (a ratio of 15.9 times)
in Case (ii), and 0.009 wJ to 0.159 wJ (a ratio of 17.7 times)
in Case (iii). This result shows that the functional gradient
web has a much better ability to prevent silk breakage due to
prey impact and thus is much safer than the uniform webs.
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The above analysis demonstrates that the gradient varia-
tion in the mechanical properties of spiral silks can not only
enhance the total energy absorption Uy, of the web but also
homogenize the energy storage Ug;j in the impacted silk. By
this mechanism, the orb web exhibits a nearly uniform
energy absorption ability regardless of the position where a
flying prey impacts the web, and an enhanced structural
integrity in preventing silk breakage due to prey impacts.

A spider can weave several types of silks. Among them,
the radial silk and the spiral silk have greatly different
mechanical properties.® The radial silk, composed of major
ampullate silk, is crucial for supporting the web frame,
whereas the sticky spiral silk, generated by the flagelliform
gland, is more compliant and flexible than the radial silk.®
The spiral and radial silks work synergistically to absorb the
kinetic energy when a flying insect is trapped.’

Previous studies”*® focused on the interspecific or
intraspecific difference of the webs,'*** while the difference
among the silks at different positions in the same web has
not been reported. Our experiments indicate an enhancing
mechanism in spider web, which arises from the gradient
variation in the mechanical properties of the sticky spiral
silks along the radial direction of the web. This may be a pri-
mary reason that the mechanical parameters reported in the
literature have a great scattering. Through the measurement
of the silks in 20 sector regions from 10 orb webs weaved by
Araneus ventricosus, we found that the gradient variations in
the mechanical properties of spiral silks are significant and
well repeatable, regardless of the spider weight, web dimen-
sion, sector location, and silk thread thickness. It is worth
emphasizing that though the spiral silks in the outer regions
in the web are stiffer and stronger than those in the inner,
they are still much softer than the radial silks.

In summary, we have reported a physical mechanism
that enhances the energy absorption ability of spider webs,
which is attributed to the distinct spatial gradient variations
in the mechanical properties of spiral silks. The functional
gradient effect can significantly enhance the energy absorp-
tion and structural integrity of the web. The results not only
help understand the optimal energetic mechanisms of spider
webs, but can also provide useful guidelines for designing
anti-impact structures.

Support from the National Natural Science Foundation
of China (Grant No. 11432008) is acknowledged.
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