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Statistics

[1, 1]

Table S 1: Detailed results for the regression lines showing in Fig. 2 (a-c), (e-g) in the main manuscript.
All regression coe�cients are the result of major axis regressions. The values in brackets
indicate the 95% con�dence intervals of the regression coe�cients. The data for dock beetles
are from single-pad measurements (D Labonte & JMR Bullock 2015, unpublished data)

Species System Intercept in mN Slope (SMA) Source

Vertebrates
Gecko gecko Hairy & Dry 5.12 (-2.54; 12.81) 0.41 (0.40; 0.43) [2]
Litoria caerulea Smooth & Wet 0.95 (-4.41; 6.31) 0.44 (0.38; 0.52) [3]

Invertebrates

Gastrophysa viridula Hairy & Wet 0.06 (-0.02; 0.14) 0.63 (0.51; 0.79) �
Carausius morosus Smooth & Wet 0.46 (0.36, 0.56) 0.50 (0.48, 0.52) [4]
Nauphoeta cinerea Smooth & Wet 0.43 (0.22; 0.63) 0.51 (0.47; 0.55) [5]
Oecophylla smaragdina Smooth & Wet 0.19 (0.05; 0.32) 0.63 (0.60; 0.66) [6]

Image sources for Figure 1

Image sources (left to right): Blue mussel (Mytilus edulis) with byssus threads, [7]; Adult barnacle
(Balanus amphitrite) attached to glass (courtesy of Nicholas Aldred); Sea star (Asterias rubens)
tube feet (courtesy of Elise Hennebert); Flatworm (Macrostomum lignano [8]; Barnacle cyprid
(Semibalanus balanoides [9]; Net-winged midge larva (Hapalothrix lugubris; courtesy of Victor
Kang); Leech (Hirudo medicinalis; courtesy of Plant Biomechanics Group Freiburg); Goby �sh
(Sicyopterus stimpsoni ; courtesy of Takashi Maie); Tokay Gecko (Gekko gecko, courtesy of Kellar
Autumn); Tree frog (Litoria caerulea; courtesy of Thomas Endlein); Camponotus schmitzi ant
[10], photo by Thomas Endlein; Erythracarid mite (Paratarsotomus macropalpis, courtesy of
Jonathan Wright). These mites can run with stride frequencies of up to 111Hz at 45◦C [11, 12];
they can also e�ectively climb up smooth glass surfaces (Jonathan Wright, pers. comm.).

Tape peeling models

We consider peeling a thin strip of adhesive tape with width w, thickness h, Young's modulus E
and strain energy release rate G, by applying a force F at an angle φ relative to the horizontal.
We assume that the length of the tape is in�nite, that its bending sti�ness is negligible, and
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that peeling is in steady-state. The critical force required to peel the tape can be found from a
virtual work argument, as shown by numerous authors in the past [13�15]. Here, we only brie�y
state the main results, and refer the reader to the supplementary material presented in [16] for
a detailed derivation of various peel models. Balancing the elastic, potential and adhesive work
done during peeling yields [14]:

P 2 + 2P (1− cosφ)− 2
G

Eh
= 0 (1)

where we introduced P = F
Ehw . The roots are:

P1,2 = cosφ− 1±
√
[1− cosφ]

2
+ 2

G

Eh
(2)

Only the upper root is positive, and the maximum peel force occurs at φ = 0◦, for which
F/w =

√
GEh. As biological adhesive pads are thin and soft, tape stretching severely limits

the maximum force compared to thicker and sti�er industrial tapes. The limiting e�ects of tape
stretching can however be circumvented if the tapes are `pre-stretched' while still in contact with
the surface. In the presence of such a `pre-strain', ε0 = F0

Ehw , a virtual work argument yields
[16]:1

P 2 + 2P [1− (1− ε0)cosφ] + ε20 − 2
G

Eh
(1 + ε0) = 0 (3)

The roots are:

P1,2 = (1 + ε0)cosφ− 1±
√

[1− (1 + ε0)cosφ]
2 − ε20 + 2

G

Eh
(1 + ε0) (4)

Three key di�erences between expressions 2 and 4 are noteworthy. First, the peel force is
maximal if the pre-strain takes a value:2

εmax =
1

ζ (1− cosφ)
(5)

where we introduced ζ = Eh/G, a dimensionless parameter which may be interpreted as the
ratio of elastic to adhesive work during peeling [16]. With this pre-strain, the critical peel force
is:

P =
1

ζ (1− cosφ)
(6)

which is equivalent to the result for a rigid tape, F/w = G (1− cosφ)
−1

[13]. This result
may also be understood intuitively: the maximum force enhancement occurs if the tape does
not stretch at all upon detachment, making a deformable tape behave as if it was rigid; the
required pre-strain is the strain caused by the force required to peel a rigid tape, an argument
which also yields the above result. Under the plausible assumption that the pads are stretched
by the shear component of the applied force, the arising strain will be close to this `ideal' strain,
ε0 ≈ εmax = 1

ζ(1−cosφ) [16]. An attachment system utilising pre-stretching in this way would then

1Note that this expressions di�ers from previous solutions by an additional term 2Gε0
Eh

. This term arises because
stretching increases the total length of the tape, and hence its interfacial area with the substrate. The di�erence
is negligible if ζ = Eh/G is large, which is the case for most man-made tapes, but not for biological adhesive
pads [for a more detailed discussion, see ref. 16].

2This result is found by setting the derivative with respect to ε0 equal to zero.
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be `self-maximising' by design. Note that the peel force diverges as the peeling angle approaches
0◦; this is of course unphysical, and `real' tapes will deform non-elastically, fracture and/or slide
instead [15, 16].
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Figure S 1: Stability envelopes for the peeling of a thin tape as a function of tape `pre-strain' ε0. The
coloured areas correspond to stable attachment, the black lines show the upper root of eq. 3,
i. e. the critical peel force, while the red lines show the lower root of eq. 3, i. e. the minimum
force required to stabilise the tape against being peeled o� the surface. Note that this lower
root is only positive if the pre-strain exceeds a critical value, ε0 >

1
ζ

(
1 +

√
1 + 2ζ

)
= εmin,

which is indicated in the plots by the blue dashed line. A tape stretched to this pre-strain
would spontaneously detach in the absence of an external force, as the strain energy stored
in the tape is equal to the gain in adhesive energy associated with the creation of new surface
area. Once this pre-strain is exceeded, the strain energy is su�cient to detach the pads
without applying an external force; the applied force simply has to drop below the value
given by the lower root of eq. 3. Note that this condition is increasingly hard to meet for
large values of ζ.

Second, while classic tape peeling always requires the application of an external force, a pre-
stretched tape can detach spontaneously, i. e. in the absence of external forces. In order to see
why, consider peeling the tape at an angle φ = 0. The lower root is zero if:3

εmin =
1

ζ

(
1 +

√
1 + 2ζ

)
(7)

Qualitatively, this result may be understood by thinking of the tape as a linear spring stretched

3For large ζ, this expression simpli�es to
√

2ζ−1, which is the result given by Chen et al. [17]. It can also be
found by setting the square root in eq. 4 equal to zero.
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before attaching it to a surface. If the strain energy stored in the spring exceeds the reduction
in energy associated with contact formation, the spring will detach, minimising the total energy
in the system. The spring can however be stabilised if a su�ciently large force is applied to the
detached parts, so that not all strain energy is released upon detachment. This physical insight
is re�ected in third, the fact that expression 3 can have two positive roots, as �rst discussed by
Chen et al. [17]. The upper root corresponds to the critical force required to peel the tape;
the lower root is the minimum force required to stabilise the tape against peeling as a result of
the residual strain energy stored in it. If both roots are positive, adhesion will only be stable
if P1 > P > P2. The somewhat complex relationship between the involved variables can be
visualised by plotting `stability envelopes', which highlight combinations of P and ε0 which
correspond to stable attachment (see Fig S 1). The lower root will be positive if and only if
ε0 > εmin.
Such (large) pre-tension may arise in pads by a variety of mechanisms, but most likely as a

consequence of the large shear forces experienced during low-angle peeling [16�18]. These forces
can be su�ciently large to cause whole pads to slide, and such sliding events must be preceded
by partial sliding of the pads close to the peel front, where the shear stress is largest [16, 18].
Pads may also be stretched due to rapid sliding events during pad detachment, which can be
accompanied by `crack healing', i. e. the re-attachment of detached and stretched parts of the
pads [16]. In both cases, pre-tension is not in active control of the animal, but arises as a direct
consequence of pad engagement. Even if these mechanisms were su�cient to achieve such high
levels of pre-strain, stretching by sliding would imply that they are present only on the proximal
side of the contact zone but not on the distal side where strain levels decay to zero [18]. Moreover,
the pre-strain model assumes that unloading before detachment is su�ciently fast, so that the
pre-stretch does not revert by sliding (and hence dissipate the stored elastic energy).

Figure S 2: (a) In order to use residual strain energy to drive spontanous detachment, the pre-strain in
a thin strip of tape must exceed a critical value εmin. For soft and thin tapes, this value is
large, suggesting a lower limit for ζ for which strain energy can be realistically exploited. (b)
This critical minimum strain can only be reached if the tape is peeled at an angle smaller
than φmax. It may be desirable to increase the range of angles for which strain energy can
be used to drive detachment, which would then also suggest an upper bound on ζ. The grey
area in both plots highlights the approximate range for ζ in biological adhesive pads [16].

Notwithstanding the speculative nature of the argument, it is instructive to brie�y consider the
`design criteria' for a tape or pad which may bene�t from the e�ects of pre-tension. For small
values of ζ, εmin becomes exceedingly and perhaps unrealistically large (see Fig. S 2(a)). For
large values of ζ in turn, the force required to reach εmin diverges, and, perhaps more crucially,
the release mechanism can only be triggered if pads are sheared at smaller and smaller angles,
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limiting the kinematics of the detachment process [see Fig. S 1 & S 2(b)), and ref. 17]. The
maximum peel angle which can satisfy ε0 > εmin is

φmax = cos−1

(
1

1 + εmin

)
(8)

which can be found by setting the square root in eq. 4 equal to zero. In other words, this is
the angle at which the two roots of eq. 4 merge into one solution. Utilising pre-tension for both
enhancing attachment and driving detachment may only be possible for a limited range of values
for ζ. Further research is required to establish if animal adhesive pads fall within this range.
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Table S 2: Overview of di�erent temporary adhesive systems of animals, comparing adhesive mechanism, contact size, locomotion
speed and (de�ned here as the inverse of the time of one complete pad attachment-detachment cycle). All values are
approximate.

Taxon Environment
Adhesive
mechanism

Pad Type Contact size
Speed

(mms-1)
Stride

frequency (s-1)
Sources

G
lu
e
-
b
a
s
e
d

Flatworm
(Macrostomum

lignano)
water

glue-like
adhesive,
and release

agent

Adhesive cell
organs

26µm2 � 0.14 [19]

Sea star
(Asterina
rubens)

water

glue-like
adhesive,
and release

agent

tube feet 1.3mm2 1 0.02-0.1 [20, 21]

Barnacle
cyprids
(Semibalanus

balanoides)

water

viscous
adhesive

secretion &
interfacial
forces

antennulary
attachment
discs, covered

in villi

480µm2

(adhesive disc),
<0.1 µm2

(villi)

0.1 0.12-0.4
[9, 22�
25]

S
u
c
t
io
n

Net-winged
midge larva
(Liponeura
cinerascens)

water suction smooth 0.04-0.15mm2 0.2-0.8 0.4-1.6 [26, 27]

Goby �sh
(Sicyopterus
stimpsoni)

water suction
oral and pelvic
suction pads

4.5-5.5mm2 6 4.4 (inching) [28]

Leech (Hirudo
medicinalis)

air & water suction suction pad 19-24mm2 13 0.10-0.15 [29, 30]

I
n
t
e
r
f
a
c
ia
l
f
o
r
c
e
s

Gecko
(Hemidactylus

garnotii)
air

Interfacial
forces
(dry)

�brillar
0.02 µm2

(spatula) |
19mm2 (toe)

290-790 12.5 [31, 32]

Spider
(Cupiennius
salei)

air
Interfacial
forces
(wet)

�brillar

0.2µm2

(spatula) |
1mm2 (claw

tuft)

600 8 [33, 34]

Tree frog
(Litoria
caerulea)

air
Interfacial
forces
(wet)

smooth 5.3mm2 13-166
(vertical)

0.7-1.5 [35, 36]

Fly
(Calliphora
vicina)

air
Interfacial
forces
(wet)

�brillar

0.5-2 µm2

(seta) | 10000-
40000µm2

(pad)

� 13.9 [37, 38]

Ant
(Camponotus

schmitzi)
air

Interfacial
forces
(wet)

smooth 4500µm2 61.7
13.6 (maxima
up to 30)

[39, 40]

Ant
(Camponotus

�oridanus)
air

Interfacial
forces
(wet)

smooth 4500µm2 10-50
(inverted)

4-5 [6]

Ant
(Oecophylla
smaragdina)

air
Interfacial
forces
(wet)

smooth 27000 µm2 10-40
(inverted)

3-4 [6]
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