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Summary. Most research into spider web structures have considered small deformation
theory and small amplitude analysis. In reality, spider web structures, which are slender by
nature, are more prone to large-amplitude load effects. This paper firstly presents a numerical
study into large amplitude free vibrations of spider web structures. Highly coupled geometry
and material nonlinearities have been formulated to establish the finite element models of
spider web structures. Validation has been carried out using previous research studies into
spider web vibrations. Very good agreement has been obtained for linear and nonlinear
results. The validated FEM has been further extended to investigate the large amplitude effect
on natural frequencies and corresponding mode shapes of highly-slender spider webs.
Interestingly, we are the first to report the dynamic softening and hardening phenomenon in
the slender spider web structures.

1 INTRODUCTION

The function of a spider web is to capture and hold a rapidly flying insect, which shows
that the spider web has excellent flexibility and resilience. Two aspects of the design of the
web make this possible: the optimized spider silk and the design of the web. Spider silk is one
of bio-inspired materials that have shown excellent performance exceeding artificial materials
in their properties [1]. On a weight to weight basis, its tensile strength is sometimes even
stronger than steel and some silks are almost as elastic as rubber. On this ground, silks
provide a two to three times toughness of synthetic fibres such as Nylon or Kevlar [1]. Unlike
man-made polymers, spider silk can improve strength without compromising fracture
toughness [2]. Besides the superior material properties of spider silk, spider web structures
themselves can be recognised as a pre-stressed system, it is the so called tensegrity (tensional
integrity) structures [3]. This sort of structures shows a unique combine of geometry and
mechanic, and as a result of the optimal distribution of structural mass, they are highly
efficient structures.
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webs, dome or tent webs, and orb web is the traditional type spider web which can be seen
frequently around. The function of an orb web is to capture and hold a rapidly flying insect,
which shows that the orb web has excellent flexibility and resilience [6]. Fig 1 shows the
schematic geometry of spider web. The overall size of different orb webs can change from
centimetres to meters. In the real word, spider webs actually are highly organized geometry
structures.

Material Density Tensile Poisson’s | Strength Strain

modulus(GPa) ration

(kg/m®) (GPa)

Dragline 1098 34 0.49 1.75 26

Figure 2: Patterns of spider web in this study

3 MODELLING

Large-deformable finite element models of spider web structures with geometric
nonlinearities have been developed using ABAQUS CAE. The spider web model has been
developed on a 2-D plane (X and Y axis) in a 3D space where its free vibrations are often
induced out of plane (Z axis). For linear analysis, five different patterns of spider web models
have been built to investigate the change of natural frequencies. For geometric nonlinear
model, the ratio of natural frequencies extracted from large amplitude free vibration over
linear vibration, and corresponding mode shapes have been investigated. The orb web is the
traditional type of spider web structures, which can be seen frequently around; therefore, the
pattern of the spider web built in this model is an orb web pattern, as shown in Figure 2. A
spider web is a cable structure whose segments only sustain tension. Therefore, the boundary
condition of spider web structure is the same as that of cable structure, which is pin supports
that only permit rotation [7]. A gravity load in axial Z has been applied in the first step of
nonlinear analysis. The initial magnitude is 1x10°N and the increment is 2x10™'°N. The
models have been validated and good agreement is found [8-9].

4 RESULTS AND DISCUSSION

Figure 3 shows the change trend of natural frequencies of spider web under different
pretension load. It can be seen, as the pretention load increasing, the natural frequencies
increase gently as well. This is because Along with the growth of pretension load, the
stiffness of the whole structure is improved, as a result of geometric nonlinearity. And mode
shape 8 and 9 have a cross over at the load section between 1.5625x10”" N and 7.8125x10™
N, which cannot be seen clearly due to the natural frequencies of mode 8 and 9 are quite
close. This occurrence is attributed to that the hardening phenomenon can influence the
performance of spider web structure.
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