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Araneomorph spiders have evolved different silks with dissimilar material

properties, serving different purposes. The two-compound pyriform secretion

is used to glue silk threads to substrates or to other threads. It is applied in dis-

tinct patterns, called attachment discs. Although ubiquitously found in spider

silk applications and hypothesized to be strong and versatile at low material

consumption, the performance of attachment discs on different substrates

remains unknown. Here, we analyse the detachment forces and fracture mech-

anics of the attachment discs spun by five different species on three different

substrates, by pulling on the upstream part of the attached thread. Results

show that although the adhesion of the pyriform glue is heavily affected by

the substrate, even on Teflon it is frequently strong enough to hold the spider’s

weight. As plant surfaces are often difficult to wet, they are hypothesized to be

the major driving force for evolution of the pyriform secretion.
1. Introduction
Natural silks are biofibres that fascinate through their outstanding material prop-

erties and versatility. Araneomorph spiders have evolved different kinds of silks

with altered material properties serving different purposes—they are equipped

with a ‘silken toolkit’ [1–4]. The pyriform gland secretion is used to glue silk

threads to substrates [2,5,6] or with each other [7,8]. It is applied in a distinct pat-

tern, called attachment discs, and was formerly hypothesized to be a two-

compound material including spidroins (silk proteins) as the first phase and an

amorphous hydrocarbon-rich cement-like substance as the second phase [9,10].

Attachment discs are fundamental for locomotion, prey capture and reproduction:

they secure climbing spiders in the case of a fall or enable them to reach distant

places by descending [2,11], provide robust anchorage for webs [5,12,13], retreats

and egg sacs [14], stabilize jumping [15] and on-water movements [16] and facili-

tate navigation [7] and brood care [8]. Through an adapted spinning behaviour,

they can even be used to produce special traps such as trapdoors, stumbling

threads [17] and catapulting lines [13]. As there is such a broad and frequent use

of attachment discs in a spider’s life, they must provide a strong attachment capa-

bility on various surfaces, with a broad bandwidth of surface chemistry and

topography (universality) at the minimum amount of the secretion applied (econ-

omy). This also makes them very interesting for potential biomimetic applications.

Initial attempts have been made to use this principle for technical applications,

including electro spun artificial attachment discs [18] and ‘dragline attachment’

in robots [19]. Nonetheless, the pyriform secretion and its use in the generation

of attachment discs are remarkably scarcely studied.

The morphology of attachment discs spun by different spiders including

representatives of Araneidae, Linyphiidae, Filistatidae, Salticidae and Pholcidae

was studied by Schütt [5]. She found differences in the architecture depending

on phylogeny and hunting style of the spider. Basically, the structure includes a

bilateral symmetric network of pyriform threads firmly attached to the ground

and bundled in a central part, where it forms an envelope around the dragline,
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which is composed of paired (or more) major ampullate silk

threads. The close location of the major ampullate spigot to

the numerous pyriform spigots on the anterior lateral spinnerets

provides an easy and fast way to spin such rather complex struc-

ture [20]. Ultrastructural analyses of the pyriform glands

showed that two distinct types of secretory cells are involved,

which produce at least two different substances and which are

extruded by the same spigot [9,21]. It was proposed that the

pyriform spidroins (silk proteins) produced by these glands

self-assemble into fibres in a liquid environment [10]. This

could be shown for biotechnologically produced pyriform

spidroins [22]. Evaporation of a solvent, like water, may lead

to quick solidifying of the matrix, cementing the threads to the

substrate and to each other.

The first biomechanical study on attachment discs was

recently published by Sahni et al. [13]. They reported that the

attachment discs adhere very strongly to smooth surfaces like

glass. However, during their measurements, they did not

directly pull on the dragline, but on thin underlying nylon

threads, which does not reflect the natural way the structure

performs. They explained the function of the attachment disc

by a geometrical staple-pin model with parallel peeling mem-

branes [13]. Pugno et al. [12] proposed an alternative model,

which is based on the simultaneous peeling of multiple mem-

branes. Their theoretical study, however, is not based on

experimental data. Despite this, nothing is known about the

function of attachment discs, especially how strong they

adhere to natural substrates, for which these secretion products

have been presumably optimized. It is likely that the discs

behave very differently on different substrates, because the

strength of a glue-based attachment highly depends on surface

properties, such as surface free energy and microtopography

[23]. Nevertheless, in models on spider web biomechanics

[24–31] and dragline security during falling-spider events

[11,32–34], thread anchoring has always been presumed to

be robust enough to keep the spider body weight and therefore

neglected for biomechanical models. Furthermore, spider

species of different ecology and size may have different

demands on thread anchorage or their discs may have different

phylogenetic constraints. In order to understand the functional

morphology of the disc, and to evaluate, whether its structure is

universal or shows specializations, it is important to structurally

and experimentally compare discs of different species.

The aim of this study is thus to compare the disc attachment

performance on (i) different substrates and (ii) between differ-

ent spider species with different ecology. We used three

different substrates: (1) glass, which is hydrophilic and pro-

vides a high surface free energy (this control surface was also

used in previous experiments [13]), (2) Teflon, which has a

very low free surface energy and is thus highly anti-adhesive,

and (3) upper surface of leaves of sycamore maple (Acer
pseudoplatanus) as a wide spread generic plant surface. We

used the large orb web spiders Argiope trifasciata (Araneae)

and Nephila senegalensis (Nephilidae) and the cobweb weaver

Parasteatoda tepidariorum (Theridiidae), which was used in the

previous study by Sahni et al. [13], the large wandering

spider Cupiennius salei (Ctenidae) and the flower-associated

ambush predator Thomisus onustus (Thomisidae). We perfor-

med tensile tests, in which we measured forces resisting

pulling onto the dragline. To evaluate which part of the disc

structure is in direct contact to the substrate and estimate

where the forces are exactly applied and energy dissipated

within the structure, we studied attachment discs using
transmission (TLM) and coaxial light microscopy (CLM) and

scanning electron microscopy (SEM), and analysed structure

deformation and fracture behaviour in pull-off tests combined

with video recording.
2. Material and methods
2.1. Animals and harvesting of attachment discs
Adult females of the species A. trifasciata FORSSKÅL 1775 (Aranei-

dae), N. senegalensis WALCKENAER 1842 (Nephilidae) and C. salei
KEYSERLING 1877 (Ctenidae) were obtained from laboratory stocks,

P. tepidariorum C. L. KOCH 1841 (Theridiidae) was collected in

the greenhouses of the botanical garden of Kiel University and

T. onustus WALCKENAER 1805 (Thomisidae) was collected during a

field trip to Sardinia (Italy) in May 2013. Spiders were kept at

23–268C and sprinkled daily with water. The ground substrate

(turf-sand) was constantly kept humid. Spiders were weekly fed.

Argiope trifasciata and N. senegalensis were kept in terraria (40 �
40 � 40 cm) equipped with wooden frames and fed with flies

(Musca domestica) and juvenile grasshoppers (Locusta migratoria).

Cupiennius salei were kept in cylindrical glasses (diameter: 10 cm,

height: 25 cm) and fed with house crickets (Acheta domestica).

Parasteatoda tepidariorum and T. onustus were kept in plastic tubes

(diameter: 5 cm, height: 10 cm) and fed with flies (Drosophila
melanogaster and M. domestica) and cricket larvae (A. domestica).

Spiders were weighted on an AG 204 Delta Range scale (Mettler

Toledo GmbH, Greifensee, Switzerland) one day after feeding.

Attachment discs were collected directly before experiments. For

this purpose, three different substrates were used: glass (microscopy

glass slide), the upper surface of sycamore (A. pseudoplatanus) leaves

and Teflon (PTFE) foil. Tree leafs and Teflon foils were cut to the size

of 76� 26 mm and mounted on microscopy glass slides. To harvest

attachment discs, spiders were stimulated to walk and climb on the

prepared substrate, which was held by tweezers. Spiders usually

spun attachment discs instantly, when brought in an upside-down

position. In the large C. salei, the substrate was carefully put under

the opisthosoma of the resting spider and the existing dragline

was cut with a fine pair of scissors, which usually triggered the

spider to renew the attachment. After the spider has spun an attach-

ment disc and a sufficient length of the dragline, the dragline was

grasped with a pair of tweezers and cut 3 cm above the attachment

disc with a fine pair of scissors.

2.2. Microscopy
The morphology of attachment discs spun on glass was investi-

gated with the means of a stereo microscope (Leica M205 A,

Leica Microsystems GmbH, Wetzlar, Germany) equipped with

a camera (Leica DFC420), using a reflected and a coaxial light

source. Using coaxial light, the area of direct contact was made

visible as a dark contrast. Contact area was measured from the

obtained still images with IMAGEJ 1.47v (Wayne Rasband,

National Institutes of Health, USA).

For SEM, small pieces of the substrates including attachment

discs were cut out and mounted on stubs in the fresh condition.

Teflon and glass samples were sputter coated with 10 nm Au-Pd

and viewed at 3.0 kV in a Hitachi S 4800 scanning electron microscope

(Hitachi Ltd, Tokio, Japan). Leaf samples were immediately shock

frozen in liquid nitrogen using Gatan ALTO-2500 cryo system

(Gatan Inc., Abingdon, UK). Samples were then sputter coated in a

frozen state at 21408C with 10 nm Au-Pd and viewed at 3.0 kV

and 21208C in the Hitachi S 4800 scanning electron microscope.

2.3. Tensile tests
The upstream dragline (the one spun last and leading to the

animal) of freshly harvested attachment discs was glued to the
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cantilever of a load cell force transducer (FORT-10 with 10 g force

range, World Precision Instruments Inc., Sarasota, FL, USA) with

a molten droplet of beeswax at a length of about 20 mm. The

force transducer could be moved vertically by a micromani-

pulator (DC3001R with controller MS314, World Precision

Instruments Inc.) at a speed of 0.2 mm s21. The signal of the

force transducer was amplified and processed by a Biopac MP-

100 acquisition system (Biopac Systems Ltd, Goleta, CA, USA).

Force curves were recorded using the ACQKNOWLEDGE 3.7.0 soft-

ware (Biopac Systems Ltd). Tension tests were simultaneously

filmed using a Firefly pro GT 800 camera (Firefly Global,

Belmont, CA, USA).

Pull-off forces were taken as the highest forces occurring

during attachment disc pulling. Attachment strength was calcu-

lated as the quotient of pull-off force and the mean contact

area of attachment discs by the species measured previously.

Safety factor was calculated as the quotient of pull-off force

and the weight of the spider. Data were statistically analysed

using Kruskal–Wallis rank sum test with a ¼ 0.05 and Mann–

Whitney U-test with FDR alpha adjusting for pairwise compari-

son in SIGMASTAT 12.5 (Systat Software GmbH, Erkrath,

Germany). We compared the attachment strength on the three

different substrates for each species separately, with pooled indi-

vidual data. To exclude an effect of individuals on the analysis,

we previously performed a two-way ANOVA (F1 ¼ individual,

F2 ¼ substrate) on the pull-off force data of each species in R

(R Core Development team, http://www.r-project.org/; elec-

tronic supplementary material, S2). We found that the substrate

type has a much more significant effect on the detachment

force than the individual in the large species A. trifasciata,

N. senegalensis and C. salei. We conclude that the bias by individ-

uals is neglectable and maintain the procedure of pooling data

from individuals for the Kruskal–Wallis tests. However, in both

T. onustus and P. tepidariorum, the differences between pull-off

forces from glass and leaf substrates are not significant in single

individuals. This result was taken into account in the following

analysis. Species were compared with pooled substrate data.
3. Results
3.1. Architecture of attachment discs
Attachment discs of the analysed spider species basically con-

sist of a network of pyriform glue-coated fibres, which

cement the dragline in the central part of the disc and are

attached to the substrate in the lateral parts of the disc

(figure 1; electronic supplementary material, S1a,f ). The

dragline cementation is present as thick bundles of pyriform

fibres and glue forming an envelope around the double

stranded dragline (figure 1g,i; electronic supplementary

material, S1a). We term this part the conjunction. It is not in

direct contact with the substrate, which can easily recognized

by comparing reflection and coaxial light micrographs (figure

1b,c,e,f ). Substrate cementation consists of numerous parallel

and crossing loops of pyriform glue-coated fibres (electronic

supplementary material, S1b) that are denser in the central

part of the disc and more separated in the lateral parts (elec-

tronic supplementary material, S1f ). We term this part of

substrate anchorage the baseplate.

The glue of pyriform glands wets the three tested substrates

differently (figure 1j–l; electronic supplementary material,

S1c,d). On glass it spreads widely (figure 1j), whereas Teflon

has a repellent effect (figure 1k). On the surface of the syca-

more, leaf wetting is hampered by cuticular micro ripples

(figure 1l; electronic supplementary material, S1d) and (more

obvious on the underside of the leaf) crystalline waxes
(electronic supplementary material, S1c). Between the conjunc-

tion and the baseplate, a meshwork of pyriform glue-coated

fibres is spread, which branches towards the substrate

(figure 1g; electronic supplementary material, S1a,f ). We call

this part the bridge.
Comparison of attachment discs of different species

shows that the disc morphology is relatively similar. How-

ever, in T. onustus the loops of the baseplate are more

round, resulting in steeper angles of pyriform fibre crossings

and a more radial shape of the attachment disc (figure 1d– f,
compare with a–c). The upstream part (last spun, in the direc-

tion to the animal) often exhibits a larger width than the

downstream part (most apparent in T. onustus and C. salei).
The contact area of the attachment disc scales with species

weight, ranging from 40 mm2 in P. tepidariorum to 1400 mm2

in C. salei and N. senegalensis (table 1).

3.2. Fracture mechanics
During tensile tests, four different failure modes were observed:

(i) dragline-mode, (ii) conjunction-mode, (iii) bridge-mode, and

(iv) baseplate-mode. The dragline-mode is due to dragline breakage

above or directly at the attachment disc. Force–time curves in

those cases often show two peaks, as the dragline usually con-

sists of a double strand (figure 2c). The conjunction failure

occurred at the interface between the dragline and pyriform

glue. In these cases, rupture could not usually be seen in the

video, but was followed by a sliding of the dragline through

the conjunction envelope, which caused considerable friction

forces (figure 2d). When the bridge failed, the conjunction was

totally removed from the attachment disc (figure 2a; electronic

supplementary material, S1e). According to the meshwork

character of the bridge, its rupture often caused multiple force

peaks (figure 2e). When the failure occurred at the interface

between the pyriform glue and the substrate (baseplate-mode),
a total peel-off (delamination) of the attachment disc from the

substrate was observed (figure 2b). In those cases, the time–

force curve usually did not show force peaks between the

crack initiation event and completed peel-off, just a smooth

slope (figure 2f ).

In which part the attachment disc breaks, heavily depends on

its attachment strength to the substrate (figure 3). On glass,

where the highest pull-off forces were recorded, the bridge

failed in the majority of cases, from about half in A. trifasciata
to three-fourths in N. senegalensis and C. salei. The second most

frequent failure occurred at the conjunction in A. trifasciata,

N. senegalensis and P. tepidariorum, as well as at the dragline in

C. salei and T. onustus. On Teflon, where significantly lower

pull-off forces were recorded than on glass, there was always a

total delamination of the attachment disc from the underlying

substrate. On the sycamore leaf, the majority of attachment

discs also showed total delamination, however, in N. senegalensis,
the conjunction failed in one-fifth of the cases, and in T. onustus,
the bridge failed in over one-third of the cases (figure 3).

3.3. Attachment strength and safety factor
Pull-off forces differed significantly between substrates in all

spider species studied, except P. tepidariorum (Kruskal–Wallis

rank sum test with p , 0.05, d.f. ¼ 2) (figure 3 and table 2).

Pull-off forces of attachment discs spun on glass reached mean

values of 36 mN in N. senegalensis, 35 mN in C. salei, 28 mN in

A. trifascata, 7 mN in T. onustus and 3 mN in P. tepidariorum.

Pull-off forces on the sycamore leaf were significantly lower

http://www.r-project.org/
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Figure 1. Morphology of spider attachment discs. Panels (a – f ) show light microscopy images of attachment discs spun by different spider species on glass slides
(arrows indicate the direction of spinning, upstream): (a) A. trifasciata, (b,c) P. tepidariorum and (d – f ) T. onustus. In panels (a,b,d,e), reflected light was used. In
panels (c,f ), same specimens were used as in panels (b,e), respectively, are imaged using coaxial light, which displays the contact area appearing dark. Panels (a,d )
are coloured to depict different functional regions within the attachment disc, as schematically illustrated in panel (h). In the central part, the pyriform secretions
form an envelope around the dragline (red), which we term the conjunction (yellow). A network of pyriform glue-coated fibres spreads to both lateral parts towards
the substrate, which we call the bridge (blue). The direct substrate anchorage is called the baseplate (green). The coloured SEM micrographs shown in panels (g,i – l )
reveal fine structural details of the silken disc structure. Panels (g,i) show details of the central part, with the dragline, the conjunction and the bridge. Panels ( j – l )
show single pyriform glue-coated fibres of the baseplate, whereas in panel ( j ) those are attached to glass, in panel (k) to Teflon and in panel (l ) to the upper
surface of an A. pseudoplatanus leaf.
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(about one-third), except in T. onustus. Lowest forces were

obtained on Teflon (always significantly different to both

other substrates), with mean values about 5 mN in A. trifasciata
and N. senegalensis, 8 mN in C. salei and 3 mN in T. onustus,
which is only one-sixth to one-seventh of the force measured

on glass in the first three species, and one-half in T. onustus
(attachment discs of P. tepidariorum were not tested on Teflon).

Pull-off forces scale with body mass with the power law of

two-thirds, if individuals of all species are taken into account

(figure 4). This indicates that the forces are dependent on the

contact area of the attachment disc. Thus, the attachment
strength was calculated (pull-off force divided by average

contact area measured for each species), to compare the per-

formance of attachments discs spun by different species.

The attachment strength did not differ significantly between

A. trifasciata, N. senegalensis and C. salei, but was about three

times higher in the smaller T. onustus and P. tepidariorum, with

mean values ranging from 3.4 to 7.8 N cm22 depending on

the substrate (figure 3).

Safety factor (pull-off forces divided the weight of the

spider individual) did not differ between the arboreal

web-builder N. senegalensis and the low vegetation dwelling



Table 1. Body mass (m) and contact area (A) of attachment discs of
different spider species used in experiments. Mean values are given+ s.d.
N, number of spiders; n, number of measurements.

species m (g) A (31000 mm2)

A. trifasciata

(N ¼ 6)

0.59+ 0.15 0.98+ 0.13 (n ¼ 10)

N. kenianensis

(N ¼ 3)

0.75+ 0.11 1.35+ 0.29 (n ¼ 11)

C. salei (N ¼ 4) 2.48+ 0.82 1.41+ 0.33 (n ¼ 20)

T. onustus (N ¼ 2) 0.09+ 0.02 0.09+ 0.01 (n ¼ 10)

P. tepidariorum

(N ¼ 4)

0.03+ 0.01 0.04+ 0.01 (n ¼ 11)

00:000

00:000

0

0

10

20

30

F
 (

m
N

)

0

10

20

30

F
 (

m
N

)

0

5

10

15

F
 (

m
N

)

0

10

20

F
 (

m
N

)

0 10 20 30 40 505

1 1 1
2

3
ii

i

2
3i ii

1

2
3

2

i

i

ii

10 15 t (s) t (s) 0 5 10 15 0 5 10 15t (s) t (s)

02:000 04:000 06:000 08:000 10:000 12:000 14:000 15:000

1 mm

05:000 10:000 12:000 12:040

1 mm

13:000

(a)

(b)

(c) (d) (e) ( f )

Figure 2. Results of tensile tests of spider attachment discs pulled at the upstream dragline. Panels (a,b) show two video sequences recorded during individual
tensile tests showing different failure modes. In panel (a), the tested attachment disc was spun on a smooth glass slide and failed at the bridge. Arrowheads point
to the conjunction and bridge remnants on the dragline, broken off the attachment disc. In panel (b), the tested attachment disc was spun on the upper surface of
an A. pseudoplatanus leaf and failure occurred at the baseplate – substrate interface, leading to a total peel-off of the disc structure from the substrate. Panels (c – f )
show exemplary time – force curves recorded in the tensile tests, with different parts of the attachment disc failing. Arrows indicate the first crack (i) and final
rupture (ii). In panel (c), dragline fails. After thread is tightened (1), it is strained (2), leading to a linear increase in force, until the material breaks. Two
force peaks are typical, as the dragline is constituted of a double strand. If the conjunction fails (d ), several rupture events are followed by sliding friction
(3), caused by the dragline sliding through the envelope. Bridge failure (e) caused one or multiple similar force peaks (3), depending on the length of the attach-
ment disc. The baseplate failure (total detachment) event included time – force curves with multiple peaks similar to those in (e), but with a higher variation in peak
size, or a flattening of the slope after initial crack induction, similar to that in panel ( f ). (Online version in colour.)
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web-builder A. trifasciata (4 on glass, 3 on tree leaf and 0.8 on

Teflon). In the large arboreal hunting spider C. salei, the safety

factor of the attachment disc is significantly lower (about 1 on

glass and tree leaf and 0.4 on Teflon). In small species, T. onustus
and P. tepidariorum, the safety factor is significantly higher than

in the other species. On glass, P. tepidariorum reached a higher

safety factor (sf ¼ 13) than T. onustus (sf¼ 8). On the tree leaf,

both species did not differ, with means about 8 in P. tepidariorum
and 7 in T. onustus. On Teflon, T. onustus had a reduction of the

safety factor only about one-half, if compared with glass.

The safety factor decreases with increasing body mass of the

spider, if individuals of all species are taken into account

(figure 4).
4. Discussion
Attachment discs represent an important part of the relation-

ship of araneomorph spiders to their environment. Our data

show that the discs provide strong attachment to different

substrates due to their specific hierarchical structure. Sahni

et al. [13] recently described two different architectures of

attachment discs, spun by the cobweb spider P. tepidariorum
for different purposes. The usual ‘staple-pin’ architecture is

used in the so-called scaffolding disc, which is for firm

cementing of draglines to substrates. This one is comparable

to the dragline anchors of other spiders [5,13]. The other type

with the dendritic architecture is used to attach so-called

gumfoot threads. These ‘gumfoot discs’ are only loosely

attached to the substrate and can be pulled off by much

lower forces. They are connected to preloaded threads and

easily detach, if walking prey touches the thread, causing

the prey to catapult into the web. In contrast to the exper-

imental data provided by Sahni et al. [13], the multiple

peeling theory by Pugno et al. [12] predicts that such dendri-

tic architecture must be the optimal one for strong attachment

at low material cost. The latter paper is based on the so-called

theory of multiple peeling suggesting that a simultaneous

detachment of opposing adhesive tapes leads to much

higher adhesion than the sum of detachment forces needed

to peel-off each tape separately [35], a model that is highly

applicable to biological locomotory attachment systems,

such as gecko feet or arthropod adhesive foot pads [36].

The previous models of the ‘staple-pin’ architecture [12,13]

presume that initially the dragline is directly cemented to

the substrate by means of the pyriform threads. However, our



A. trifasciata N. senegalensis C. salei T. onustus

at
ta

ch
m

en
t s

tr
en

gt
h 

(N
cm

–2
)

0

6

12

18

1

7

13

19

2

8

14

20

3

9

15

4

10

16

5

11

17

tr
ee

 le
af

gl
as

s

pe
rc

en
ta

ge
 o

f 
fa

ilu
re

 m
od

es
 o

n 36%

18%
46% 22%

6%

72%
37% 63%

26%

3%
71%

N = 39 N = 32 N = 30 N = 32 N = 33

N = 32 N = 33 N = 33 N = 30 N = 20

a

a

a

a

a

a

c
c

b

b

b

b

glass

tree leaf

Teflon

substrate:

P. tepidariorum

24%

27%

49%

13%

87%

18%

3% 3%

3%
76% 97%

7%

36% 57% 100%

camera

force transducer

F (mN)

t (s)

micro-
manipulator

substrate attachment
disc

wax glue

bridge

baseplate

dragline

conjunction

Figure 3. Attachment strength and failure analysis. The attachment strength was calculated as the quotient of the maximal force during the tensile test and the
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results show that the central part of the discs, where the dragline

is attached, is rarely in contact with the substrate. This might

be fundamental for the observed strong performance of the

attachment disc: the separation of the dragline attachment
and substrate attachment provides high flexibility of the disc

structure and should support the force distribution within.

Further, we found that the architecture of an attachment

disc follows a hierarchy from the dragline glued with dense



Table 2. Pull-off force (F ), attachment strength (t) and safety factor (sf ) of attachment discs measured in tensile tests. Mean values are given+ s.d.
n, number of measurements.

species substrate F (mN) t (N cm22) sf n

A. trifasciata glass 28.3+ 9.1 2.8+ 0.9 4.3+ 1.5 54

tree leaf 23.2+ 10.8 2.2+ 1.1 3.3+ 1.5 32

Teflon 5.0+ 3.1 0.4+ 0.3 0.8+ 0.5 31

N. senegalensis glass 35.7+ 8.9 2.5+ 0.7 4.6+ 1.2 32

tree leaf 22.3+ 9.5 1.7+ 0.7 2.9+ 1.2 33

Teflon 5.2+ 2.9 0.3+ 0.2 0.7+ 0.4 21

C. salei glass 35.1+ 16.5 2.2+ 1.2 1.4+ 0.6 30

tree leaf 26.0+ 11.8 1.7+ 0.8 1.0+ 0.4 33

Teflon 8.0+ 3.6 0.5+ 0.3 0.4+ 0.2 15

T. onustus glass 6.7+ 3.9 6.3+ 4.3 7.5+ 3.4 32

tree leaf 6.5+ 3.2 7.3+ 3.5 7.1+ 2.8 30

Teflon 3.3+ 1.4 3.4+ 1.6 3.6+ 1.6 20

P. tepidariorum glass 2.9+ 1.4 7.8+ 3.6 13.0+ 4.5 33

tree leaf 1.8+ 0.8 4.7+ 2.0 8.4+ 7.6 20

0.01 0.1 101

1
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100

m (g)

critical
mass
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(F = 9.81 m)pu
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fo

rc
e 
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Figure 4. Scaling effect of body mass on the attachment disc pull-off force.
The pull-off force of attachment discs spun on A. pseudoplatanus leaf surface
scales with body mass by the power law of 2/3. This indicates that forces are
dependent on contact area. As the surface area increases by a power lower
than the power of the volume, the safety factor (detachment force divided by
the weight force) decreases with increasing spider size. The critical mass indi-
cates the limit of spider mass, at which the mean safety factor falls below 1,
thus getting insufficient to hold the animal. Indeed, araneomorph spiders
rarely exceed this size. Boxplots are defined as in figure 3.
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bundles of pyriform fibres (conjunction) which spread and get

separated towards the substrate, where they are separately

cemented, distributed over a large area. This architecture

might have several advantages: (i) A large contact area can

be generated at low material cost, (ii) forces may be distributed

over a high number of branches and therefore the stress gener-

ated in each single structure is kept low, (iii) propagating cracks

may be arrested because of the inhomogeneous material distri-

bution, and (iv) peeling angles are kept low, which means that

higher forces are necessary to detach the cementation [12,35].

Which part of the attachment disc fails under load highly

depends on the adhesion energy between the cement and the
substrate. Our results on glass show that the dragline is

usually stronger than the pyriform silk network, in contrast

to the observation by Sahni et al. [13]. This makes sense

because a failure within the disc is usually not accompanied

by a total failure of spider attachment. For example, in the

case of the conjunction failure, the dragline was further con-

tinuously pulled through the pyriform envelope, generating

high friction. A bridge failure occurred stepwise in most

cases. Both events significantly delay the total structural fail-

ure. Previous studies calculated the safety factor of draglines

in spider fall scenarios, always assuming that failure occurs at

the level of the dragline [11,32–34]. This also holds for var-

ious models of web biomechanics, in which thread anchors

were presumed as stable [24–31]. Although these studies

show that a high amount of energy can be absorbed by

thread deformation, significant forces may reach the substrate

anchors, especially in short threads. Our findings show that

thread anchors can fail before the thread fails and should thus

be considered in further estimations of the mechanical stability

of spider webs. Additionally, non-uniform crack propagation

due to non-continuous distribution of the pyriform glue leads

to the further energy dissipation during detachment.

Our comparison of spider species with different ecology

and phylogenetic background revealed that the high attach-

ment strength is consistent with the relatively conserved

structure of the discs. This indicates that web building and

wandering spiders, as well as dwellers of the lower and the

higher vegetation, might have similar demands on thread

anchoring. However, in the crab spider T. onustus, the attach-

ment strength is surprisingly less affected by the substrate.

Scaling effects on the attachment disc strength have very

important implications for biology of species studied. Com-

paring large and small species indicates that safety factor of

the disc attachment decreases with the spider’s weight, thus

making both mechanical anchorage and its function as a pro-

tection against falling from the height less efficient. This with

spider size increasing loss of safety in climbing situations was

previously hypothesized for the dragline [11] and leads to
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one of potential explanations of the extreme sexual size

dimorphism in some spiders [37]. Males are more active in

locomotion as they need to wander around, in order to find

potential mating partners. In spiders that live on vegetation,

males are often much smaller than females, which may be

extreme in some orb web spiders and crab spiders, and

which was previously interpreted by facilitation of the

thread-based locomotion [37]. Interestingly, the high sexual

size dimorphism is absent in large wandering spiders (i.e.

Ctenidae, Sparassidae), of which the arboreal representatives

possess highly efficient adhesive foot pads [36,38–40]. This is

also the case for the large wandering spider C. salei, whose

attachment discs exhibit only an insufficient safety factor.

Future studies, testing the change in attachment disc per-

formance during ontogeneny, may reveal scaling effects in

the safety factor of dragline anchors.

For the spider, the most uncontrollable part of the attach-

ment disc performance is the adhesive strength between the

pyriform glue and substrate. Our results show that cemen-

tation fails on surfaces with a low free surface energy like

Teflon. This also counts, to some extent, for plant surfaces.

The cuticle of plant leaves, stems and flowers is often covered

with cuticular folds and crystalline waxes that create rough-

ness on a micro- and nanoscale. Waxes may easily detach,

if glued, which is reported to be an adaptation against herbi-

vorous insects [41–43]. Spiders, although not being plant

consumers, are faced with the same problem of adhesion

reduction on these surfaces. Thus, they might have had the

need to participate in the arms race of plants and herbivores,

as they have to forage at the same sites. Whereas the basic

architecture of the attachment disc seems to be relatively

conserved (i.e. compare discs spun by Haplogynes and Ente-

legynes in [5]), there might have been strong selective

pressure on the wetting and adhesion properties of the pyri-

form glue. Convergently, insects that glue their eggs onto

such waxy surfaces use proteinaceous cement [44], which
might be functionally analogous to the pyriform glue. Crab spi-

ders (Thomisidae), whose tested representative T. onustus
showed no significant reduction of the attachment strength

on the sycamore leaf surface and even on Teflon demonstrated

remarkably high values, are often associated with herbal

plants, where they capture prey items larger than themselves

[45]. In contrast to many free hunting spiders, thomisids lack

the hairy adhesive foot pads [39], thus, they may largely rely

on their exceptionally strong dragline attachment.

As the surface geometry and properties of natural surfaces

may vary in a very wide range, the stability of web attach-

ment points may be influenced by substrates. Comparing the

arboreal N. senegalensis with A. trifasciata that occupies lower

vegetation, no difference in attachment disc performance

could be found, which speaks against adaptation of the

pyriform glue to particular microhabitat. This, in turn, means

that the evolution of the pyriform glue might have been

driven towards high universality. This seems to be plausible,

as surfaces may be highly inhomogeneous even within a par-

ticular microhabitat. On the other hand, there is certain

sensibility of disc attachment to the substrate type. Possible

ethological counter adaptations, like adjusting the number

and/or size of anchors depending on the substrate or choosing

a proper attachment site, remain to be studied in the future.
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