
SUPPLEMENTARY MATERIAL TO: 

Limebeer and Graham. S Afr J Sci. 2026;122(3/4), Art. #22766. 

https://doi.org/10.17159/sajs.2026/22766 

HOW TO CITE: 

Limebeer DJN, Graham M. Biomechanics of the slingshot spider and its three-

dimensional web [supplementary material]. S Afr J Sci. 2026;122(3/4), Art. #22766. 

https://doi.org/10.17159/sajs.2026/22766/suppl 

_____________________________________________________________________ 

Appendices (A–I)

https://doi.org/10.17159/sajs.2026/22766
https://doi.org/10.17159/sajs.2026/22766/suppl


A. Web construction

The web of an orb spider is a special case of a tensegrity

framework—these frameworks are of great interest to engi-

neers, scientists and mathematicians alike 1,2,3,4.

Given a fixed set of anchor points, the first step in the web

construction is determining the location of the radial thread

junction point. As the reader will appreciate, the location of

this point will determine the radial thread stiffnesses as well

as the web’s dynamic response. As with many civil engineer-

ing projects, the aim is to minimise material usage whilst also

avoiding long structural members. To that end, we propose a

performance criterion for the web radial thread meeting point

that minimizes thread material usage, while also discourag-

ing the use of damage-prone long radial threads. Suppose

the web’s N anchor points are given by pn for 1 ≤ n ≤ N ,

with their unknown junction point given by xs. The mate-

rial usage criterion, which is a measure of the length-squared

usage of all the radial threads is given by

J =
1

2

N
∑

n=1

‖pn − xs‖
2
2; (A.1)

the factor of a half is a convenient scaling constant. We will
use the outcome of the minimization of J to find the thread
rest lengths as well as their spring constants. It is immediate
that

∇J =

[

Nxs −
∑N

n=1 xn; Nys −
∑N

n=1 yn; Nzs −
∑N

n=1 zn

]

;

with the components of xs and pn given by [xs; ys; zs] and

[xn; yn; zn] respectively. A thread-length stationary point

occurs when ∇J = 0, which occurs when xs is at the geo-

metric centre of the set of anchor points:

x∗

s =
1

N

N
∑

n=1

xn; y∗

s =
1

N

N
∑

n=1

yn; z∗s =
1

N

N
∑

n=1

zn;

(A.2)

x∗
s = [x∗

s ; y
∗
s ; z

∗
s ]. Since the Hessian of J is positive defi-

nite, (A.2) constitutes a minimum that is both global and

unique 5.

Once the minimum x∗
s has been found, the N radial

thread rest lengths will be given by ‖x∗
s − pn‖2, with their

associated elastic spring forces described by

fn = −k
r
n max(‖xs − pn‖2 − ‖x∗

s − pn‖2, 0)
xs − pn

‖xs − pn‖2

, (A.3)

since the web fibres cannot produce compressive forces. The

various spring constants are given by

kr
n =

AEr

‖pn − x∗
s‖2

; (A.4)

A is the cross sectional area of the web fibres and Er is their

Young’s modulus. This is a standard relationship between an

intrinsic material property (Young’s Modulus) and stiffness,

which is depended on the size and shape of a cylinder. When

the thread operates elastically under tension, that is ‖xs −

pn‖2 ≥ ‖x∗
s − pn‖2, (A.3) takes the simpler form

fn = −kr
n(∆xs − pn). (A.5)

Field measurements have shown that the web’s stiff radial

threads are pre-tensioned in their equilibrium configuration,

and that they structurally dominate the web 6. The rest

lengths of the four thread partitions surrounding p0(n,m)

are given by ‖p0(n,m)−p0(n± 1,m± 1)‖2, with the stiff-

nesses of the radial thread partitions given by

kr
n,m±1 =

AEr

‖p0(n,m± 1)− p0(n,m)‖2
1 ≤ m ≤ M

(A.6)

for every partition along the nth radial thread, with

p0(n, 0) = x∗
s and p0(n,M + 1) = pn. The stiffnesses of

the capture threads between p0(n,m) and p0(n± 1,m) are

given by

kc
n±1,m =

AEc

‖p0(n± 1,m)− p0(n,m)‖2
, 1 ≤ n ≤ N

(A.7)

along the mth capture thread. The point p0(0,m) wraps

around to p0(N,m), and p0(N + 1,m) wraps around to

p0(1,m).

In order to make the web operational, the anchor points

of the web are now moved outwards putting the web under

tension 7. In our case this will be achieved by increasing A by

1.0%. The pre-stressed force balance equation for the nodes

on the m = M outer ring is given by

0 = +kr
n,M+1(∆pn −∆p(n,M))

+kr
n,M−1(∆p(n,M − 1)−∆p(n,M))

+kc
n−1,M (∆p(n− 1,M)−∆p(n,M))

+kc
n+1,M (∆p(n+ 1,M)−∆p(n,M)) (A.8)

for 1 ≤ n ≤ N . The pre-tensioning outward movements of

the anchor points are denoted ∆pn, while ∆p(n,m) repre-

sent departures from their relaxed rest positions p0(n,m).

The force balance on the web’s m = 1 inner ring are given

by another n algebraic equations

0 = +kr
n,0 (∆xs −∆p(n, 1))

+kr
n,2 (∆p(n, 2) −∆p(n, 1))

+kc
n−1,1(∆p(n− 1, 1)−∆p(n, 1))

+kc
n+1,1(∆p(n+ 1, 1)−∆p(n, 1)), (A.9)

for 1 ≤ n ≤ N ; ∆xs represents the movement of xs from

x∗
s due to web tensioning. The force balance equations on

N × (M − 2) interior points are given by

0 = +kr
n,m+1(∆p(n,m+ 1)−∆p(n,m))

+kr
n,m−1(∆p(n,m− 1)−∆p(n,m))

+kc
n−1,m(∆p(n− 1,m)−∆p(n,m))

+kc
n+1,m(∆p(n+ 1,m)−∆p(n,m)), (A.10)

for 1 ≤ n ≤ N ; 2 ≤ m ≤ M − 1. As with (A.8), a “wrap

around” must be applied when either n or m fall out of their

respective ranges. The force acting on the spider is

Fs =
N
∑

n=1

kr
n,0(∆p(n, 1)−∆xs). (A.11)

1



Since each of the equations in (A.8), (A.9), (A.10) and

(A.11) are vector equations in R
3, a total of (N×M+1)×3

equations must be solved. Following the solution of these

equations, the web is again in equilibrium, but this time pre-

stressed.

Finally, we can obtain the dynamic equations of the

undamped web by adding 6 differential equations associated

with the spider’s dynamics (Newton’s second law in three

dimensions) to the algebraic web force equations:

msẍs = Fs. (A.12)

When (A.12) is combined with the (N ×M + 1)× 3 force-

balance equations, the web dynamics are described by a

differential-algebraic equation system comprising (N×M)×

3 algebraic equations and 6 differential equations. Since the

system in this form is conservative, ever-persistent oscilla-

tions with a single undamped resonant frequency are to be

expected.

B. Aerodynamics of a sphere

An incompressible viscous fluid with aerodynamic flow is

described by the Navier-Stokes equations

∂v

∂t
+ (v · ∇)v = −

1

ρ
∇p+ ν∇2

v and ∇ · v = 0 (B.1)

in which v is the velocity of the fluid, p is the pressure distri-
bution, ν = η/ρ is the kinematic viscosity, η is the dynamic
viscosity and ρ is the fluid density. The small size of the spi-
der ≈ 1mm in diameter, moving at velocities of ≤ 10ms−1,
implies a range of Reynolds number (Re) between 0 and a
few 100s. In this range the flow around the spider’s body,
considered here to be spherical, will be laminar and well
below the drag crisis irrespective of disruptions to the flow
caused by hairs, legs and web lines. The Reynolds number
range for the web lines is much lower, ≪ 1, because of their
much smaller diameters. Stokes 8 solved (B.1) for very low
Reynolds number flows (applicable only when Re ≪ 1, 9)
when the quadratic convection acceleration term can be
ignored, and found that the force acting on an oscillating
sphere of radius a is given by

FD = 6πηa(1 +
a

δ
)v + 3πa

2
ρδ

(

1 +
2a

9δ

)

v̇

= 6πηa(1 +
a

δ
)v +






3ρ

4
(4πa

2
δ) +

(
4

3
πa

3

)
ρ

2
︸ ︷︷ ︸

ma






v̇, (B.2)

where δ =
√

2ν
ω

is the thickness of the boundary layer sur-

rounding the sphere, while ω is the angular frequency of the

motion. The first term on the right-hand side of (B.2) is the

laminar friction drag coefficient, the second term represents

3/4 of the mass of the fluid in the spherical shell boundary

layer surrounding the sphere, while the third term is one half

of the mass of the fluid displaced by the sphere; the fluid

“added-mass” ma.

Stokes’ result 8 was extended in subsequent theoreti-
cal work 10,11,12, to the three-term Basset–Boussinesq–Oseen
(BBO) equation

FD = 6πaηv +
1

2

(
4

3
πa

3
ρ

)

v̇ + 6a
2√

πηρ

∫
t

t0

v̇(τ)√
t − τ

dτ. (B.3)

In this equation the first term on the right-hand side is

the steady-state viscous drag (the Stokes drag). The sec-

ond term is the resistance to accelerations (the added-mass

term), while the third term represents the acceleration his-

tory (the Basset memory term), which recognises the influ-

ences of the wake which can be strong in a reversing flow.

Equation (B.3) was modified to include a quadratic veloc-
ity drag term extending its range of validity to higher
Reynolds numbers as the convective acceleration becomes
increasingly important 13:

FD =
1

2
CDπa

2
ρ|v|v + CA(

4

3
a
3
ρ)v̇ + CHa

2√
πρη

∫
t

t0

v̇(τ)√
t − τ

dτ

(B.4)

in which CD is the steady-state drag coefficient, CA is the

added-mass coefficient, and CH is the history coefficient.

Without the history term this equation is the same as the

widely used Morison equation 14 for high Reynolds number

time varying flows. The |v|v form of the quadratic term

ensures that this term opposes the body motion in reversing

flows.

In the work presented here, we will use (B.4) in which

CD =
24

Re

+
2.6(Re

5.0 )

1 + (Re
5.0 )

1.52
+

0.411( Re
2.63×105

)−7.94

1 + ( Re
2.63×105

)−8.00
+

0.25( Re
106

)

1 + ( Re
106

)
,

(B.5)

with the added-mass and history terms neglected. A cal-

culation based on Section 4 of 13, provided in AppendixH, is

used to justify the neglect of both terms. The steady-state

drag coefficient CD was found by curve fitting to experimen-

tal data 15,16; see Figure B.1. At Re < 2, (B.5) is dominated

100 102 104 106

10-1

100

101

102

Figure B.1: Drag coefficent for a smooth sphere as predicted

by (B.5). The drag crisis is seen to occur at

Re ≈ 3.0× 10
5.

by the creeping flow term 24

Re
. At higher Reynolds numbers,

(B.5) plateaus at CD ≈ 0.37 over a wide range, well exceed-

ing the highest Reynolds numbers which can occur in the

current study and well below the drag crisis. Note that (B.5)

is unbounded in the limRe→0. In simulations, we restrict the

Reynolds number to the range 0.1 ≤ Re ≤ 104, which is

well within the domain of validity of (B.5).
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C. Aerodynamics of a cylinder

Stokes 8 also derived an expression for the viscous damping

force on an infinitely-long cylinder vibrating rectilinearly nor-

mal to its length with infinitesimal amplitude and Re ≪ 1.

This solution fails for steady flow and 17 showed that the

Oseen form of the Navier-Stokes equations 18, is required to

derive the drag force which per unit length for an infinite

cylinder is given by

Fd = 4πηǫv where ǫ =
1

1

2
− γ − log(Re

8
)
, (C.1)

where γ = 0.5772 is the Euler-Mascheroni constant; Re =

2av/ν, a is the radius of the cylinder. A refinement came

from Kaplun 19, where the cylinder drag per unit length was

found to be

Fd = −4πηvǫ(1− 0.87ǫ2). (C.2)

It is shown in 20 that a slightly better fit to measured data

can be obtained by replacing the 0.87 term with 0.61685 =

(π/4)2. In another refinement, the empirical formula

CD = 9.689R−0.78
e (1 + 0.147R0.82

e ) (C.3)

for the drag coefficient is given for 0 ≤ Re ≤ 5 21. Lamb’s

original result and the subsequent improvements are shown

in Figure C.1. Due to the extremely small diameter of the

10-4 10-3 10-2 10-1 100
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Figure C.1: Drag force on a long cylinder at low Reynolds

number. The solid curve corresponds to (C.1), the

dot-dash corresponds to (C.2), while the dashed

curve comes from (C.3).

web fibres, the Reynolds number for the web fibres is Re < 1

making an “infinite aspect ratio” assumption appropriate.

The flow conditions along a fibre vary on a length-dependent

scale making local sectional flow analysis applicable. Since

the ratio of the amplitude of the motion to the diameter of

the web fibres is O (103), the small amplitude assumption

is problematic. The acceleration terms in the Navier-Stokes

equations are of the order

(v · ∇)v ∼
A2

L
while

∂v

∂t
∼

A

T

in which A is the amplitude of the velocity oscillation, L is a

characteristic length, and T is the period of the oscillation.

A characteristic amplitude parameter for oscillatory flows is

the Keulegan–Carpenter number, Kc, defined as the ratio

of these terms, so that Kc ∼ AT
L

. For sinusoidal motions of

the form x0 sinωt, A ∼ x0ω, T = 2π
ω
, and L = a, so that

Kc =
2πx0

a
, (C.4)

where a is the cylinder radius and x0 is the amplitude of the

displacement oscillations. Since Kc ≫ 1 being in the order

of tens of thousands for the motion of the web fibres, the

convective acceleration term in the Navier-Stokes equations

cannot be neglected, which puts the utility of Stokes’ solu-

tion (based on Bessel functions) to the cylinder drag prob-

lem 8 in jeopardy for our application. At these large Kc val-

ues the added-mass term is much smaller than the drag

term and quasi-steady theory for the forces induced becomes

accurate throughout the oscillation cycle at all Reynolds

numbers; see 22 for an example at a higher Reynolds num-

ber. To facilitate a simple analysis for a web fibre in large-

amplitude unsteady motion, a direct extension of the steady-

state formula (C.1), will be used together with a quasi-steady

assumption. That is, the instantaneous forces on a fibre in

unsteady motion are assumed to be those corresponding to

steady motion at the same instantaneous velocity. While Re

changes with time, its past history is deemed unimportant.

In the range 0 < Re ≤ 1, there is little to choose between

(C.1), (C.2) and (C.3), with (C.3) providing an extension

to the 0 < Re ≤ 5 range. In simulations we restrict the

Reynolds number to Re ≥ 1.0−4.

D. Drag on the radial lines

We suppose in FigureD.1 that the radial threads behave

like pendulums rotating about their anchor points with two

angular degrees of freedom. The spider is at point xs, with

the anchor point for the nth radial thread at pn, which is

absolutely stationary. The nth radial thread has length ln =

‖xs − pn‖2. The velocity of the spider can be described by

vs = l̇n + ωn × ln, (D.1)

where the l̇n term accounts for the stretching of the radial

line. The ωn × ln term describes the drag-producing normal

velocity. The angular velocity of the radial line is ωn, which

is given by

ln × vs = ln ×
(

l̇n + ωn × ln

)

⇒ ωn =
ln × vs

‖ln‖
2
2

. (D.2)

Using (C.1), the aerodynamic drag force on the element dx

is given by

dFn = 4πηǫ(ωn × x)dx

3



pn

xs
ẋs

2a

ln

l̇n

ωi × ln

dx

x

ωn

Figure D.1: Dynamics of a radial web fibre.

for a cylinder vibrating normal to its length. Taking moments

about pn gives

dMn = x× dFn

= 4πηǫx× (ωn × x)dx

= 4πηǫx2
ωndx. (D.3)

While the Reynolds number varies along the length of the

pendulum, one might approximate this influence using a fixed

Reynolds number, such as that corresponding to 0.7× tip

velocity in (C.1). This assumption is based on the observa-

tion that the total moment is dominated by the drag force

contribution closer to the spider. Under this assumption we

obtain

Mn|Re Const =

∫ ln

0

dMn

dx
dx =

4

3
πηǫl3nωn. (D.4)

If we allow the Reynolds number to vary as a function of x
in (C.1), there holds

Mn =

∫
ln

0

dMn

dx
dx = 4πη

∫
ln

0

x2dx

1 − γ − log( 2axωn
8ν )

ωn

= ωn

256πην3e
( 3
2
−3γ)

Ei(6 log(2) − 3 log( lnaωn
ν

) + 3
2 − 3γ)

ω2
na

3

(D.5)

in which Ei(·) is the exponential integral 23. FigureD.2

shows the difference between (D.4) and (D.5) with Re fixed

at .7 time the high-end value, as functions of the radial length

‖ln‖2 and the angular velocity ωn. There is no significant

difference between (D.4) and (D.5) with a fixed Reynolds

number.

We can now conclude that the drag force acting on the

spider due to the nth radial line satisfies ln × F r
n = Mn.

Thus

ln × (ln × F
r
n) = ln ×Mn, (D.6)

giving

F
r
n =

−1

‖ln‖22
(ln ×Mn) (D.7)

which is the force on the spider due to the aerodynamic drag

on the nth radial line. The cumulative effect across the n

radial lines can be found by summation.

At an intuitive level one would expect the drag on the

radial lines to be small, but not insignificant. First, much

of the radial line dynamic change is in non-drag-producing

elongation. Second, the angular velocities of the radial lines

are likely to be small, so that the normal drag-producing

velocity components are also small.

E. Drag on the capture lines

Figure E.1 shows the nth radial line together with those adja-

cent to it; all three are connected by parts of the capture

fibres. There are N radial threads and M equispaced cap-

ture threads; see also Figure 1. The mth capture line running

from radial line n − 1 to n is vector cm−1, while the mth

capture line running from radial line n to n + 1 is vector

cm+1. Since the velocity of the spider is ẋs, the velocity of

the jth capture line is given by proportion

vm =
M + 1−m

M + 1
ẋs; 1 ≤ m ≤ M. (E.1)

The drag-producing components of vm orthogonal to cm−1

and cm+1 are given by

v
⊥

m−1 = vm −
vm · cm−1

‖cm−1‖22
cm−1 (E.2)

v
⊥

m+1 = vm −
vm · cm+1

‖cm+1‖22
cm+1. (E.3)

These velocity components will produce aerodynamic drag

forces

Fm−1 = 4πηǫcm−1v
⊥

m−1, (E.4)

Fm+1 = 4πηǫcm+1v
⊥

m+1, (E.5)

that act on the web sections cm−1 and cm+1 using (C.1).

Assuming these forces are shared evenly between neighbour-

ing radial threads, Fm−1 and Fm+1 will produce force

f
n
m =

Fm−1 + Fm+1

2
= 2πηǫ(cm−1v

⊥

m−1 + cm+1v
⊥

m+1),

4
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Figure D.2: Aerodynamic drag on the radial lines. The solid line is generated by (D.4) with the Reynolds number fixed at 0.7 times

the tip speed. The dashed line comes from (D.5). The left-hand plot shows the generated moment as a function of

pendulum length at ‖ωn‖2 = 1. The right-hand plot shows the generated moment as a function of the pendulum angular

velocity at ‖ln‖2 = 1.

pn−1

pn
pn+1

xs

ẋs

vm =
(

M+1−m
M+1

)

ẋs

m = 1

m = M

cm+1
cm−1

fn
m

fn
1

fn
M−1

fn
M

F c
n

Figure E.1: Drag forces on the capture lines. The nth radial

line goes from pn to xs; those adjacent to it are

also shown. The velocity of the spider is given by

ẋs. The mth equispaced capture line has velocity

vm =
M+1−m

M+1
ẋs; M is the total number of

capture line rings.

(E.6)

that acts on the nth radial line.

The cumulative action of fn
m for 1 ≤ m ≤ M on the nth

radial line is illustrated in Figure E.2. If the nth radial line is

krn,1 krn,M−1
krn,M krn,M+1

krn,2

xM

pn

xsx1x2
xM−1

fn
M

F n
M

fn
M−1

F n
M−1

fn
2

F n
2

fn
1

F n
1 F c

n

Figure E.2: The capture line forces acting on the nth radial

line and spider.

divided into M + 1 partitions, the stiffness of each partition

is (M + 1)kr
n; see (A.4). The m + 1 incremental distances

along the nth radial line sum to give

xs =
−1

(M + 1)kr
n

(

F
c
n +

M
∑

m=1

F
n
m

)

. (E.7)

Referring to Figure E.2, and working from right to left, it can
be seen that

F
n
1 = F

c
n − f

n
1

F
n
2 = F

c
n − f

n
1 − f

n
2

.

.

.

F
n
M−1 = F

c
n − f

n
1 − . . . − f

n
M−2 − f

n
M−1

F
n
M = F

c
n − f

n
1 − . . . − f

n
M−2 − f

n
M−1 − f

n
M (E.8)

with the general term given by

F
n
m = F

c
n −

m
∑

j=1

f
n
j . (E.9)
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Substituted into (E.7) gives

xs =
−1

kr
n

{

F
c
n −

M
∑

m=1

M + 1−m

M + 1
f

n
m

}

. (E.10)

The total force on the spider is due to both the stiffness

of the nth radial line and the accumulated drag forces. The

aerodynamic drag force component is:

F
c
n =

M
∑

m=1

M + 1−m

M + 1
f

n
m. (E.11)

In order to find the cumulative effect of the capture line drag

forces, it is necessary to sum these forces for every radial

line. The capture lines nearest to the spider will be shortest,

but will be subject to the highest normal velocity, as well as

having the largest M+1−m
M+1

weighting in (E.11). If the web is

constructed with a dense mesh of capture lines, their cumu-

lative drag effect is likely to be the dominant aerodynamic

influence.

F. Flow interference

Conditions under which cylinders can be treated as isolated

and independent has been studied experimentally 24,25, but

this work is for Reynolds numbers which are orders of mag-

nitude greater than applies here for oscillating web fibres.

In our case the Reynolds number range is Re < 1, but the

flow’s Keulegan–Carpenter number can be Kc ∼ 104. We

showed in Appendix C that the Keulegan–Carpenter number

is the ratio of the convective acceleration to the unsteady

term in the Navier-Stokes equations (B.1). In the same way

the ratio of the convective acceleration to the unsteady term

in the viscous term is the Reynolds number. This means that

Re ∼ Kc

(a

δ

)2

,

and a small a
δ
, combined with small Keulegan–Carpenter

number, enforce a small Reynolds number.

Stokes was able to solve the interacting cylinder problem

for low Reynolds numbers by neglecting the nonlinear con-

vective acceleration term in (B.1) 8. Unfortunately, Stokes

theory cannot be relied on here, because it only treats very-

low amplitude conditions. To address this problem, at least

in part, one can solve (B.1) with the convective acceleration

term replaced with the Oseen approximation (v0 · ∇)v in

which v0 is the mean flow velocity; this substitution leaves

(B.1) linear and still amenable to analytic solution 18. The

Oseen approximation bridges the gap between viscous flow

solutions and a full Navier-Stokes solution.

If an infinite cylinder oscillates at frequency ω and peak

amplitude v0, then the disturbed air velocity at perpendicular

distance r from the cylinder is given by

v(r, ω) = v0
K1(λr)

K1(λa)
eiωt with λ =

1− i

δ

√

1−
iv0δ

2ν
, (F.1)

in which a is the radius of the cylinder, δ is the boundary

layer thickness, and K1(·) is a modified Bessel function of

the second kind and first order. At low frequencies a ≪ δ,
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Figure F.1: Decay of the flow velocity in the neighbourhood of

an oscillating cylinder. The dotted and dashed lines

are for (F.1) with ω = 100 rad/s and ω = 500 rad/s

respectively, while the solid line is for (F.2).

viscous diffusion can track the web oscillations leading to a

quasi-steady-state solution. Under these condition (F.1) can

be replaced with the quasi-steady-state approximation

v(r) ≈
v0a

r

(

1 + (
v0a

4ν
)2 log(r/a) +HOTs

)

(F.2)

which is now independent of frequency; the bracketed term

is the Oseen correction.

Figure F.1 shows the decay of |v(r)|/v0 at two

biologically-relevant frequencies and at steady-state, as a

function of r/a. In the case of a web with uniformly spaced

radial lines, the maximum flow velocity due to a neighbour-

ing cylinder is ≈ 0.001U0 at 4000 web-fibre radii (or 1.5

spider diameters). Similarly interferences occur at the inter-

sections between the radial and capture lines of the web,

which are insignificant except within distances of 1mm or

less from an intersection. We will therefore ignore the effect

of aerodynamic interference on the web motion, since it will

be less than the uncertainty in the values of line diameters

and spider drag coefficient.

If the overall resistance of the web to a relative flow veloc-

ity U∞ incident on each web fibre is ∆U∞. As an example,

consider the case of N = 10 radial lines and M = 10 capture

lines with diameter d = 1µm, and a web diameter of D =

0.05m. In combination, their cross sectional area is given by

A ≈ NDd/2 +
∑M

i=1

i
M+1

πDd = 1.04e−6m2. The web’s

porosity is thus β = (1− thread area / web area) = 0.9995.

A relationship between the velocity reduction factor and

porosity is a = ∆U∞/U∞ ≈ (1–β2)/(5− β2) = 2.64e−4 26.

From this we concluded that the blocking influence of the

web can also be neglected.

G. Further test results

In Test 3 the capture web density is increased as compared

to Test 1; the dynamic responses are shown in Figure G.1.

Despite a significant increase in the number of radial threads,

the force distribution across the web is relatively unaffected

as compared to Test 1. This highlights the structural insignif-

icance of the capture threads. For the same reason, the web’s
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Figure G.1: Test 3: The (A) figure shows the loaded web immediately prior to the release of the tension line; the force colour bar is in

µN. The left-hand side of the (B) figure shows, from the top, the spider’s position (m), velocity (ms−1) and acceleration

responses (ms−2). The right-hand part of the (B) figure shows, from the top, the spider’s spherical damping force, the

damping force due to the radial threads and the damping force due to the capture threads; all are in µN.

resonant frequencies are relatively unaffected by the increase

in capture thread density (there is only a small reduction).

The peak spider- and radial-fibre-related damping force are

relatively unchanged. In contrast, the peak damping force

due to the capture lines increases by a factor of ≈2.5.

In the Test 4, a larger web with a thinly-populated cap-

ture mesh is studied—the dynamic responses in this case

are shown in Figure G.2. As one would now expect, when

comparing Tests 4 and 6, the change in the number of cap-

ture lines in having a relatively minor impact of the struc-

tural features of the web including the loaded force distri-

bution and the undamped natural frequencies; the influence

of web damping does manifest in the damped natural fre-

quency however. Despite the thin capture web, the aerody-

namic damping is having a significant influence on the web

response. This was not the case in Test 1, since the smaller

web is relatively stiff structurally in that case. As compared

with Test 6, the total damping force is reduced as expected.

Referring to Table 1, it is observed that the peak spider

and radial-fibre-related damping forces increase slightly due

to small velocity increases. However, the peak value of the

capture-fibre-related damping force is significantly reduced

from 202µN to 83.8µN.

Plots reminiscent of Figure 7 show that in all the tests

conducted, the real strains in every anchor line operate below

20% and so are expected to remain below the web-fibre’s

elastic limit throughout the test oscillatory transients. Fur-

thermore, since the minimum strain is positive, these fibres

remain in tension throughout the oscillatory transients.

H. Neglect of the history and

added-mass terms

Following 13, we use a simple calculation to illustrate the

relative importance of the velocity, acceleration and his-

tory terms in (B.4), and thus why the history and added-

mass terms can be neglected. Suppose that the displace-

ment, velocity, and acceleration of the sphere, respectively,

are given by

d = A0 cosωt (H.1)

v = −A0ω sinωt (H.2)

a = −A0ω
2 cosωt. (H.3)

This gives

Fs =
1

2
CDρπr

2
sω

2
A

2
0| sinωt| sinωt − CA(

4

3
r
3
sρ)A0ω

2
cosωt

+CHr
2
sA0ω

3
2 π
√

2νρ

(

C(

√
2tω

π
) cosωt + S(

√
2tω

π
) sinωt

)

,

(H.4)

where CD = 0.4, CA = 0.5, and CH = 6, with A0 =0.05,
ω = 250 rad/s and rs = 0.65×1.0−3 m is the radius of the
spider. We use the fact that
∫

t

0

cosωτ
√
t − τ

dτ =
√
2πω

3
2

(

C(

√
2tω

π
) cosωt + S(

√
2tω

π
) sinωt

)

,

where C(·) and S(·) are the Fresnel cosine and sine inte-

grals 23. The first term on the right-hand side of (H.4) is the

velocity term, the second is the added-mass term, while the

third is the history term.

The three force terms in (H.4) are shown in FigureH.1 for

the appropriate spider-web-related data. For the data asso-

ciated with this problem, FigureH.1 is used to justify the

neglect of the added-mass and history terms.

I. Parameters

The basic material and geometric characteristics of the spi-

der and web are summarised in Table ??.
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Figure G.2: Test 4: The (A) figure shows the loaded web immediately prior to the release of the tension line; the force colour bar is in

µN. The left-hand side of the (B) figure shows, from the top, the spider’s position (m), velocity (ms−1) and acceleration

responses (ms−2). The right-hand part of the (B) figure shows, from the top, the spider’s spherical damping force, the

damping force due to the radial threads and the damping force due to the capture threads; all are in µN.
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