
1 Shear-sensitive adhesion on conductive coverslips

We conducted the measurements described in the main manuscript on glass coverslips coated
with indium tin oxide (ITO) in order to investigate whether triboelectric charging can explain
part of the increase in the energy release rate at low peel angles. A repeated measures AN-
COVA revealed that the relationship between adhesion and peel angle was not significantly
affected by the conductivity of the surface (F1,352=0.72, p=0.4), providing evidence that tri-
boelectric charging is not of significant importance for shear-sensitive adhesion in insect pads
(see fig. S1).

●●
●

●
●

●
● ●

●

●

●
●

●

●

●

● ●
●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●● ●

●

●
●

● ● ●
●●

●
●

●

●

●
●

●●●
●●●

●

●

●

●

●

●

● ●
●

●
●

●●
●

●

●
●

●

●
●

●

●
●

●

●
●

●

●
●

●

●●

●

● ●

●

●
●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●
●

●

●●● ●
●

●

●
●

●

●

●

●

●

●

●
●

●

●

●●
●●●

●
●

●

●

●

●
●

●
● ●

● ● ●

20 40 60 80

0

5

10

15

20

Peel angle in degrees

P
ea

k 
ad

he
si

on
 in

 m
N

● ITO
Glass

Figure S1 The conductivity of glass coverslips did not significantly influence the relationship be-
tween adhesion and friction, suggesting that triboelectric charging does not significantly con-
tribute to the coupling between adhesion and friction. The two lines are the result of a linear
mixed model least-squares regression (n=9 and n=11 insects measured on indium tin oxide
(ITO) and glass, respectively). The star indicates a measurement on ITO which was not con-
sidered for the statistical comparison in order to meet the assumptions of the linear model.
Including the value did not change the principal result of the statistical comparison between
measurements on ITO and glass.
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2 Derivation of peel models

Here, we briefly derive the different peel models relevant for the discussion in the main
manuscript, as the direct comparison helps to reveal the sometimes subtle differences between
the models. Apart from our solution for the pre-strained tape, all equations have been derived
previously, and we refer the reader to the corresponding work for a more detailed discussion
of the models.

2.1 Inextensible tape

Imagine the situation shown in Fig. S2 A, where a thin strip of an adhesive tape of width w,
and energy release rate G is subjected to a peel force F , acting with an angle φ to the surface.
We assume that the length and stiffness of the tape are infinite, that its bending stiffness is
negligible, and that peeling is in steady-state. Peeling a length L0 requires to overcome the
adhesive energy

Wadh = wL0G (S1)

At the same time, the tape moves along the direction of the applied force, and the corre-
sponding work is

Wpot = Fa0 = FL0[1− cos(φ)] (S2)

Wpot =Wadh yields

G = P[1− cos(φ)] (S3)

where P = F/w. Equation (S3) has first been derived by Rivlin (1944).

2.2 Extensible tape

Now consider the situation shown in fig. S2 B, which is identical to the previous case, but
the tape now has a finite stiffness E. The adhesive work term remains identical, but upon
detachment, the tape is stretched by the applied force, which leads to an additional movement
of length aε along the direction of the applied force. This length is

aε = εL0 =
σ

E
L0 =

F
Ehw

L0 (S4)

where h is the thickness of the adhesive tape, which experiences a stress σ . The work done
by the applied load is

Wpot = F(a0 +aε) = FL0

(
[1− cos(φ)]+

F
Ehw

)
(S5)

In addition, elastic energy is stored in the detached fraction of the tape
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Figure S2 Schematic drawings of various peel situations relevant for the discussion in the main
manuscript. (A) Inextensible tape, (B) Extensible tape, (C) Pre-strained tape, (D) Peeling with
sliding.
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Welast =

aε∫
0

Fdδ =
F2L0

2Ehw
(S6)

where δ is the displacement.
With these additional terms, Wpot =Wadh +Welast yields

G =
P2

2Eh
+P(1− cos(φ)) (S7)

Equation (S7) has first been derived by Kendall (1975).

2.3 Pre-strained tape

We now assume that the tape in fig. S2 B has been stretched by a force F0 prior to attachment,
resulting in a ‘pre-strain’ ε0 =

F0
Ehw . Analogous to the previous procedure, and noting that the

peeled length is L0 +Lε (fig. S2 C), the associated energy changes are

Wadh = wL0

(
1+

F0

Ehw

)
G (S8)

Wpot = FL0

[(
1+

F0

Ehw

)
[1− cos(φ)]+

F−F0

Ehw

]
(S9)

Welast =
(F2−F2

0 )L0

2Ehw
(S10)

An energy balance yields the peel equation for a pre-strained tape

G =
1

1+P0(Eh)−1

(
(P−P0)

2

2Eh

)
+P(1− cos(φ)) (S11)

This result differs from previous work, which assumed that the peeled length is only L0
(Maugis & Barquins, 1978; Williams, 1993; Williams & Kauzlarich, 2004; Molinari & Ravichan-
dran, 2008; Chen et al., 2009). As a consequence, our solution has an additional term (1+
P0/(Eh))−1. Equation (S11) simplifies considerably if P0 is assumed to be a constant fraction
of the peel force, P0 = Pk. Using k = cos(φ) (see main manuscript) yields

G =
1

1+Pcos(φ)(Eh)−1

[
P2

2Eh
sin(φ)2 +P(1− cos(φ))

]
(S12)

Next, we note that the difference introduced by the additional term (1 + P0/(Eh))−1 in
eq. (S11) is marginal if (i) k = cos(φ), and (ii) if the ratio of elastic to adhesive work during
peeling is reasonably large 1 (see fig. S3). We thus continue in our analysis with the simplified
version presented by previous authors (i. e. eq. (S11) without (1+ P0/(Eh))−1; Williams,

1Some simple manipulation is sufficient to show that the changes in P due to the prefactor in eq. (S12) are
dependent on G/(Eh)
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1993; Williams & Kauzlarich, 2004; Molinari & Ravichandran, 2008; Chen et al., 2009). As
before, we use k = cos(φ), and solve for P

P = Eh

√
2G(Eh)−1 +1−1

1− cos(φ)
(S13)

This result can be compared to the critical force required to peel an inextensible tape: di-
viding eq. (S13) by eq. (S3) solved for P, yields a ratio ν :

ν =
Ppre−strain

Pinextensible
= ζ

[√
1+2ζ−1−1

]
(S14)

which is a function of ζ = (Eh)G−1, and is independent of the peel-angle φ (see main
manuscript).

2.4 Extensible tape with partial sliding

Lastly, we consider the case when peeling is accompanied by sliding of a fraction of the
attached tape (fig. S2 D). A horizontal pull of magnitude Fcos(φ) will exceed the static shear
stress of the tape in an area close to the peel front, and thereby stretch a fraction of the tape
prior to detachment. The length of the stretched region is

s =
Fcos(φ)

τw
(S15)

where τ is the average shear stress in the stretched region, which we assume to be indepen-
dent of sliding velocity (the final solution is independent of the assumed relationship between
shear stress and sliding velocity, see Newby & Chaudhury, 1998). At a distance y0 inward
from the peeling edge, the tape strain is

ε0 =
Fcos(φ)− y0wτ

Ehw
(S16)

which indicates a linear increase in strain from 0 at y0 = s to Fcos(φ)/(Ehw) at the peeling
edge. The length of the stretched region prior to stretching is

s0 =
2EhFcos(φ)

τ0(Fcos(φ)+2Ehw)
(S17)

which can be found from the mean strain, ε̂ = Fcos(φ)/(2Ehw) = (s− s0)/s0.
During peeling, a section of unstretched length L0 will be stretched. During this process,

the section will slide over a distance d = s− s0, and it has a mean length L0(1+ ε̂)

d =
Fcos(φ)

τ0w+ 2τ0Ehw2

Fcos(φ)

(S18)

The energy lost to sliding is
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Wslid = τ0wL0(1+ ε̂)d = L0

(
F2cos2(φ)

2Ehw

)
(S19)

which is independent of τ , and identical to the elastic energy required to stretch the length
L0 of the unstrained tape with a force of Fcos(φ) (see also Newby & Chaudhury, 1998; Jagota
& Hui, 2011; Begley et al., 2013).

The additional relevant energy terms are

Wadh = wL0(1+
Fcos(φ)

Ehw
−Fcos(φ)

Ehw︸ ︷︷ ︸
Sliding

)G (S20)

Wpot = FL0

(1+
Fcos(φ)

Ehw

)
[1− cos(φ)]+

F−Fcos(φ)
Ehw

+
Fcos2(φ)

Ehw︸ ︷︷ ︸
Sliding

 (S21)

Welast =

(
F2− (Fcos(φ))2)L0

2Ehw
+L0

F2cos2(φ)

2Ehw︸ ︷︷ ︸
Sliding

(S22)

where we labelled the terms that arise from sliding. It is straightforward to check that
these additional terms in Wpot and Welast exactly balance Wslid , and only a small difference to
equations 8-11 arises from the additional ‘sliding’ term in Wadh (eq. S20). An energy balance
yields

G =
P2

2Eh
sin2(φ)+P(1− cos(φ)) (S23)

Equation (S23) has first been derived by Jagota & Hui (2011), and is almost identical to
eq. (S12), which is valid for a tape pre-stretched with Fcos(φ), but without sliding. The only
difference arises from the additional movement of the peel front to the left due to tape sliding,
which alters the net change in adhesive energy associated with incremental peeling.

The different models are compared for a range of values of ζ in fig. S3. As expected, all
models approach the inextensible tape model (eq. (S3)) as ζ → ∞. However, both pre-tension
models and the model for sliding approach eq. (S3) much faster than a merely extensible
tape. The difference between eqs. (S3), (S12) and (S13) is only relevant for small values of
ζ , i. e. for softer or stickier tapes. Equation (S23) generally requires larger values of ζ in
order to approach the inextensible tape equation, but the critical peel force is still significantly
increased in comparison to an extensible tape.
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Figure S3 Comparison of the different peel models for different values of ζ = (Eh)G−1.
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3 Model comparison for small shear forces

We briefly compare the quality of a simple linear relationship between friction and adhesion,
and the inextensible tape model re-written in terms of friction force (see Labonte & Federle,
2015), for detachments without pad sliding, and peel angles larger than 35 ◦. Both models
have an R2 of 0.93, but the Akaike information criterion of the inextensible tape model fit
was slightly lower, because only one instead of two parameters need to be estimated from the
data (the width of the pads, w, was measured from the video recordings, see tab. 1). Thus, the
inextensible tape model is the superior for large peeling angles.

Table 1 Results for mixed model fits for the inextensible tape equation and a linear relationship be-
tween adhesion, FA, and friction, FF , (both in mN), both restricted to peel angles φ larger than
35 ◦. In both cases, individual specimen were treated as random effects. The width of the adhe-
sive pads w (in µm) was measured from the video recordings.

Inextensible tape, FA =
√

wG(wG+2FF)

Random effects Variance
Individual in N2 2.06E-08
Residual in N2 7.71E-03

Fixed effects Estimate Std. Error t
Strain energy release rate, G in N m-1 0.66 0.045 14.56

AIC BIC logLik R2

-185 -177 96 0.93

Linear model, FA = aFF +b

Random effects Intercept Residual
Individual in mN 0.101 0.0884

Fixed effects Estimate Std. Error DF t p
Intercept, b, in mN 0.43 0.032 97 13.27 <0.001
Slope, a 0.56 0.017 97 32.02 <0.001

AIC BIC logLik R2

-173 -162 91 0.93

109 Observations from 11 Individuals
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4 The ratio of adhesive to elastic strength for
biological adhesives

The ratio of adhesive to elastic strength, ζ = (Eh)G−1, determines the interfacial strength of
adhesives that peel like thin strips of adhesive tape (see fig. S3). For biological adhesives,
which are often thin and/or soft, a rough estimate can be obtained by using estimates for G,
h, and E from the literature. For gecko spatulae, h ≈ 5 nm, and E ≈ 1 GPa (Persson & Gorb,
2003; Autumn et al., 2006), for spatulate tips in beetles, h≈ 500 nm, and E ≈ 2 MPa (Eimüller
et al., 2008; Peisker et al., 2013), and for stick insects, h ≈ 60 µm (Scholz et al., 2008), and
E ≈ 100 kPa (A Birn-Jeffery, personal communication). Assuming that G≈ 500 mN m-1 (see
main manuscript and Gravish et al., 2008), this yields 2 < ζ < 12.
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