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1. Inference of mechanical properties of silk anchor parts for in silico experiments

Methods. To estimate realistic parameters for our numerical model of silk anchor mechanics, we performed
exemplary lateral stress tests of anchors that had been carefully delaminated from polypropylene sheets (see
ref. (1) and ref. (2) for more details). Each 7-8 anchors of the basal substrate web builder H. troglodytes, the
hunting spider /. villosa and the aerial web builder T. plumipes were glued with cyanacrylate adhesive onto a
cardboard strip, such that the central dragline was oriented along the apical edge of the strip. Thereby the glue
was spread across one lateral wing of the membrane up to the dragline such that the dragline was fixed (Fig.
Sla). The cardboard strip was mounted into the Instron 5542 tensile tester (Instron, Norwood, USA) with a
clamp and the stage with an attached ULC-0.5N load cell (Interface, Inc., Scottsdale, AZ, USA) was slowly
driven towards the free side of the silk membrane. The lateral edge of the membrane was then glued onto
another piece of cardboard that was attached to the load cell, leaving a free membrane sample of 0.11-1.00
mm gauge length (Fig. S1b). The stage was moved slightly downwards to prevent a pre-stress of the silk
membrane during adhesive curing. The sample was stretched at a rate of 0.01 mm/s until rupture (Fig. Slc).
The process was monitored with a Basler Ace 640x480pix camera (Basler AG, Ahrensburg, Germany)
equipped with an extension tube, 1.33x and 0.25x lenses (Navitar, Inc., Rochester, NY, USA) at 15 frames per
second to record membrane strain and crack propagation. For each species four tests showed an even fraction
of the membrane and were further analysed. To calculate stress, we estimated a cross-sectional area of the
membrane 4 = w x ¢, where w is the width of the sample and ¢ its thickness. Here, ¢ is given by the observed
density of the spinning trajectory (as found in the kinematic analysis), which determines how many layers of

piriform silk are applied, with each layer corresponding to the mean diameter of piriform fibres (0.5 um (2)).



The Young’s modulus of the membrane was derived from the initial slope of the stress strain curve (Fig

Additional parameters were taken from the literature (3-5).

Fig. S1.1.
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(a) Schematic illustration of membrane stress tests to

estimate membrane stiffness and strength. (b) Image of a stretched membrane of a silk anchor of 7. plumipes. (c) Similar
silk membrane after rupture. (d) Exemplary force-displacement plots from membrane tests. (e) Isolated initial slopes of
calculated stress-strain curves for used for the estimation of the membrane’s Young’s modulus.

Results. Parameters estimated from tensile tests are summarized in Tab. S1. Piriform silk membranes generally

had a 10-40 times smaller stiffness than dragline silk of these or related species (3-5) (Tabs. 1, S1). Silk

membranes of 7. plumipes were six times stiffer and stronger than the membranes of /. villosa and H.

troglodytes, on average. This may be due to the grid-like overlay of fibres within the membrane (6) caused by

the specific back-and-forth spinning pattern in this spider (7).

Tab. S1.1. Estimates of mechanical properties of silk anchor elements from tensile tests.

species Anchor part | Extensibility Strength [GPa] | Young’s Reference
[mm/mm] Modulus [GPa]
H. troglodytes membrane 0.25 +0.09 0.035+0.027 | 0.25+0.11 this study
[n=4] (mean +s.d.) (mean £s.d.) (mean £s.d.)
dragline 0.1-0.5 0.5-2.5 5-20 3)
[n=37] (mean ~0.25) | (mean ~1.5) (mean ~10)
1 villosa membrane 0.29+0.18 0.050+0.018 | 0.22+0.06 this study
[n=4] (mean +s.d.) (mean £5s.d.) (mean £5s.d.)
dragline - - 10 estimated  from
related taxa (4)
T. plumipes membrane 0.26 £0.22 0.212+0.076 | 1.68+£1.22 this study
[n=4] (mean + s.d.) (mean +s.d.) (mean + s.d.)
dragline 0.20 £0.01 1.000 +0.004 13.80 + 3.64 (5) for T. edulis
[n=66]




2. [Insilico experiments: parametric study

We consider a 1.4 mm x 1.6 mm rectangular area of thickness t=1 um and Young’s modulus

E,=168GP @ referred to as plague. We introduce a stiffer element, referred to as dragline. The dragline has

E;=15GPa 0.04

a Young’s modulus of , a length of l4=04 1y and a width of Wa = mm. The dragline is

inserted at half the width of the attachment, and at a distance from the front border of @ = 0.5 mm_The plaque-

dragline structure is attached to a rigid substrate. The adhesive energy per unit area is ¢ = 20J/ m? (estimated
by optimizing the overlap of simulated and experimental data). A fixed displacement is imposed to one of the
extremities of the dragline, called front of the dragline, at different angles. Using the numerical model
described in the main manuscript, we have studied how the variation of different geometrical and mechanical
parameters affect the adhesive behaviour of the structure. Our goal is to identify which parameters influence

the relationship between the structural stiffness and the pulling angle.

2.1. Angle dependency

We vary the pulling angle 6 between the extreme values 15° and 165° (representative of the 0° and

180° pulling directions). A difference of less than 2% is found between Frnax(120°) and Fmax(165%) The
minimum structural stiffness, i.e. the lowest slope of the force-displacement curve, is found for & = 105° and
for @ = 90° and 6 = 165° similar stiffnesses are observed. While these observations agree with the experimental
results concerning the behaviour of the H. troglodytes and the 1. villosa, the expected structural stiffness of the
T. plumipes for high pulling angles is smaller. We thus proceed to investigate which parameters influence the

structural stiffness vs angle behaviour, focusing our studies on & = 90° and 6 = 165°,
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Fig. S1.2. Maximal pulling force Finax vs pulling angle 6.
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Fig. S1.3. Slope of the force-displacement curve £ [uatu=0.1mm yg pulling angle 6.

2.2. Dragline width

We vary the dragline width "d between the extreme values 0.04 mm and 0.20 mm. For both pulling
angles, higher pull-off forces are observed for wider draglines. No changes are observed in the relationship

between the force-displacement curve slopes for @ = 90° and € = 165°  with 6 = 165° having a higher slope.
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Fig. S1.4. Force vs displacement for different values of the dragline width.

2.3. Dragline length

We vary the dragline length ld between the extreme values 0.3 mm and 0.6 mm. At a pull-off angle of
90°, higher maximal pull-off forces are observed for shorter draglines. At a pull-off angle of 165° a variation

of less than 0.01 mN is observed between the different maximal pull-off forces. No changes are observed in



the relationship between the force-displacement curve slopes for & = 90° and 6 = 165° with 6 = 165° having a

constantly higher slope.Only the two extreme values are shown here for clarity.
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Fig. S1.5. Force vs displacement for different values of the dragline length.

2.4. Adhesive energy per unit area

We vary the adhesive energy per area Eain between the extreme values 40 MPa - mm and 5

MPa * mm. At both pull-off angles, larger maximal pull-off forces at larger displacements are observed for

larger adhesive energies per area. No changes are observed in the force-displacement curve slope.
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Fig. S1.6. Force vs displacement for different values of the adhesive energy per unit area.

2.5. Thickness

We vary the plaque and dragline thickness t between the extreme values 1.5 um and 0.1 pm. At both

pull-off angles, larger and anticipated maximal pull-off forces are observed for larger thicknesses. No changes



are observed in the relationship between the force-displacement curve slope for & =90° and 6 = 165° for

t > 0.5 um. A difference between the slopes of less than the 2% is observed for a thickness of t = 0.1 um
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Fig. S1.7. Force vs displacement for different values of the membrane thickness t.

2.6. Silk nonlinear elastic constitutive behaviour

We study the dependence of results on the stress-strain constitutive relation of the material, to mimic
the realistic material behaviour of spider silk. The three laws used in this study are a parabolic hardening
function, a linear function, and a cubic yielding-hardening function. The thickness is t = 0.2 um_ At a pull-off
angle of 90°, a nonlinear hardening constitutive law leads to high and anticipated maximal pull-off forces. At
a pull-off angle of 165°, a nonlinear hardening constitutive law leads to smaller and anticipated maximal pull-
off forces. These behaviours lead to a higher difference between the maximal pull-off forces at & = 90° and at
6 =165° for a nonlinear hardening stress-strain law. No changes are observed in the relationship between the
force-displacement curve slopes for & = 90° and & = 165° for both the hardening and linear stress-strain laws,
with @ = 165° having a constantly higher slope. For a yielding-hardening law, similar slopes are found, with a

difference inferior to 4%. . Notice that this is true even if large strains are occurring, as can be seen by the

. . . 2 3
strain map shown in correspondence of the peak force obtained for 0 = E€ - 1.4E€” + 0.7E¢”
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linear law (9 = E€) and a yielding-hardening law are considered (¢ = E€ - 1.4E e* +0.7E 33).
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Fig. S1.9. Force vs displacement for different stress-strain relationships. A strain map is shown for the point of maximal

pulling force for a yielding-hardening law. Most of the delaminated area is affected by a strain €>0.5.

2.7. Radius of an initially detached area

=E

We define an initially detached area. The detached area has a Young’s modulus Ey=Ep and its centred

at the front of the dragline. We vary the radius of the initially detached area "det between the extreme values 0

mm and 4 mm. At a pull-off angle of 90°, slightly smaller maximal pull-off force are observed for larger

initially detached areas. The forces converge to the same value for small values of "det, as expected. From
fracture mechanics, it is known that the maximal pull-off forces do not depend on the total adhering area, but

only from the stressed area. Thus, for an infinite membrane, no difference is observed in the maximal pull-off

>4

forces for different values of "d. The lower maximal pull-off force found for "det mm is caused by border

effects, which are involved if the initially detached area is large enough. A cubic force-displacement

relationship is observed for larger values of "det. This agrees with the elastic theory of circular elastic



membranes. At a pull-off angle of 165° smaller pull-off forces are observed for larger values of "det, and no
changes are observed in the relationship between the force-displacement curve slopes, with & = 165° having a

constantly higher slope than & = 90°,
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Fig. S1.10. Force vs displacement for different values of the radius of the initially detached area.

2.8. Young’s modulus of the initially detached area

We vary the Young’s modulus of the initially detached area Eb between the extreme values 0.5 £ and

4= 0.4mm

0.02 E». The detached area has a circular shape, with radius " and centred on the front of the

dragline. At a pull-off angle of 90°, smaller and delayed maximal pull-off force are observed for lower values
of Eb. Ata pull-off angle of 165°, delayed maximal pull-off force are observed for lower values of E b, but no
noticeable variation is observed in the maximal pull-off forces. We observe a variation of the slopes of the
force-displacement curves: for low values of Eb a lower structural stiffness is observed for high pulling angles,
compared to & =90°, This is particularly noticeable for values of Ey <O.1E, This is the only parametric test
where this behaviour is observed. We thus assume that in the 7. plumipes a soft initially detached area is

present around the dragline.
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As discussed in Wolff et al. (1), a larger d corresponds to larger values of the pulling force for high

pulling angles. In this paper, it is also shown that the distance of the insertion point from the edges of the

membrane is the main factor determining the maximal adhesive force, since once a border of the attachment

peels off there is a drastic decrease in both the pull-off force and the structural stiffness of the adhesive.

Here, for each species, three positions of the dragline are considered. The dragline length ldl, as

observed in Figure 2 of the main manuscript, increases for smaller values of @. The set of adopted parameters

can be found in Error! Reference source not found..

Tab. S1.2. Geometrical parameters used in the insertion point parametric test.

I, (mm) w, (mm) Iy (mm) d (mm) b (mm) ry (mm)
1.6 0.3
H. troglodytes 24 2.6 1.2 0.5 - -

0.8 0.7

1.7 0.2 0.3

1. villosa 2.1 1.6 1.3 0.4 (1.0, 0.8) 0.7

0.9 0.6 1.1

0.8 0.3 0.45

T. plumipes 1.4 1.5 0.6 0.4 (0.62, 0.75) 0.35

0.4 0.5 0.25

As shown in the main text the effect of 4 on F,,,, is amplified by the bridge, a structure that was not considered

in in Wolff et al. (1). In the models of the attachments of the /. villosa and T. plumipes, there are larger forces

for larger values of 4 at all pulling angles: the presence of an initially detached area surrounding the dragline




allows a redistribution of the stresses. A more centred insertion point and a shorter dragline thus allow for a
longer delamination until the first edge is reached, improving the adhesive performance of the attachment.

In the T. plumipes, the behaviour at high pulling angles (6 =165°) i heavily affected by the dragline insertion
point. For d = 0.3 mm the early detachment of the front border inhibits the effect of the soft bridge, which
allows the dragline to align itself to the pulling force, and we thus find the same angle-dependency observed
in the H. troglodytes.

Finally, larger values correspond to smaller bridges and thus a decrease in the total attached area. However,
after Kendall’s peeling theory, if we ignore frictional effects, only the adhesive energy per unit area at the
delamination front is involved in the detachment (8, 9). There is a proportionality between the pull-off force
and work of separation per unit area @, which is constant for every set of simulations as explained in the

numerical model section of the main manuscript.
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