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Many insects use soft adhesive footpads for climbing. The surface contact of these organs is mediated by small volumes of a

liquid secretion, which forms thin films in the contact zone. Here, we investigate the role of viscous dissipation by this secretion

and the ‘bulk’ pad cuticle by quantifying the rate-dependence of the adhesive force of individual pads. Adhesion increased with

retraction speed, but this effect was independent of the amount of pad secretion present in the contact zone, suggesting that the

secretion’s viscosity did not play a significant role. Instead, the rate-dependence can be explained by relating the strain energy

release rate to the speed of crack propagation, using an established empirical power law. The ‘wet’ pads’ behaviour was akin to

that of ‘dry’ elastomers, with an equilibrium energy release rate close to that of dry van-der-Waals contacts. We suggest that the

secretion mainly serves as a ‘release layer’, minimising viscous dissipation and thereby reducing the time- and ‘loading-history’-

dependence of the adhesive pads. In contrast to many commercial adhesives which derive much of their strength from viscous

dissipation, we show that the major modulator of adhesive strength in ‘wet’ biological adhesive pads is friction, exhibiting a much

larger effect than retraction speed. A comparison between ‘wet’ and ‘dry’ biological adhesives, using both results from this study

and the literature, revealed a striking lack of differences in attachment performance under varying experimental conditions.

Together, these results suggest that ‘wet’ and ‘dry’ biological adhesives may be more similar than previously thought.

Introduction

Many arthropods and small vertebrates possess the ability to1

climb on smooth inverted substrates using adhesive pads lo-2

cated on their legs. In tree frogs, spiders, and insects, the adhe-3

sive contact is mediated via thin films of a liquid secretion.1–13
4

The presence of a pad secretion is often used to distinguish5

between these ‘wet’ adhesives and their ‘dry’ counterparts in6

pad-bearing lizards. Despite several previous studies, the se-7

cretion’s detailed function has remained largely unclear.14–16
8

One of the frequently discussed functional implications9

of a ‘wet’ adhesive is the potential contribution of viscous10

forces to friction, adhesion, and the contact formation in gen-11

eral.4,9,16–28 Indeed, the (dynamic) attachment forces of in-12

sects have been shown to decrease with temperature, suggest-13

ing that the viscosity of the pad secretion may play a signif-14

icant role.17,21,23 In addition, the adhesive pads themselves15

have been shown to be viscoelastic,29–32 but the functional16

relevance of this property again remains unclear.17

Energy dissipation via viscous material flow is a major con-18

tributor to the strength and toughness of many soft synthetic19

adhesives.33–35 However, a significant contribution of viscous20

forces may also have undesirable consequences, in particular21

for adhesives used during locomotion. For example, detach-22
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ment in the presence of a liquid requires considerable work, in 23

contrast to ‘dry’ contacts where this work can be close to the 24

thermodynamic work of adhesion. Viscous forces introduce 25

a time- and load-history dependence of adhesive strength and 26

toughness, which may limit locomotion speed, and can also 27

compromise the structural integrity and thus re-usability of the 28

pads. From this perspective, it may be advantageous to limit 29

viscous energy dissipation, and instead use different mecha- 30

nisms to modulate adhesive strength during locomotion. 31

Here, we address the role of viscous dissipation in the ‘wet’ 32

adhesive pads of Indian stick insects (Carausius morosus), and 33

focus on the following questions 34

i. How does adhesive force vary with retraction speed? 35

ii. How does the amount of fluid present in the contact zone 36

influence the relationship between retraction speed and 37

adhesive force? 38

iii. Does the viscoelastic pad material itself contribute to 39

the relationship between retraction speed and adhesive 40

force? 41

In order to account for viscous dissipation in the deformable 42

pad itself, we model the detachment using fracture mechanics, 43

which we briefly outline in the following section. 44
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A fracture mechanics approach to insect adhe-45

sion46

In fracture mechanics, the perimeter of an adhesive contact47

can be treated as a crack. During detachment, this crack ad-48

vances, i. e. the contact area A between the pad and the sur-49

face decreases incrementally, and as a result the amount of50

elastic and potential mechanical energy stored in the materials51

changes. The variation of the elastic and mechanical potential52

energy with A is called strain energy release rate G:53

∂UA

∂A
=

∂UE

∂A
+

∂UMP

∂A
= G (1)

where UE is the elastic energy of the system, UMP is the54

mechanical potential energy, and UA is the energy required to55

form the adhesive interface. Under true equilibrium condi-56

tions
∂UA

∂A
= G0, where G0 is the thermodynamic work of ad-57

hesion. Breaking adhesive bonds requires the work G0dA, and58

the excess – (G−G0)dA – is transformed into kinetic energy59

if there is no dissipation. G−G0 can thus be interpreted as60

a crack extension force (per unit crack length), and large val-61

ues imply that the crack propagates through the interface with62

high speed. This can result in high strain rates at the crack tip63

which may trigger a viscoelastic material response, dampen-64

ing a further increase in the speed of crack propagation. No-65

tably, as long as the expenditure of energy is limited to a region66

that is small in comparison to the elastically deformed sample,67

the relationship between load, displacement and contact radius68

can be accurately described by a single elastic constant for the69

bulk pad material, and thus eq. 1 is still valid.36,37 The con-70

tributions of the viscoelastic ‘bulk’ and the adhesive interface71

to the crack extension force can be separated using an estab-72

lished empirical law, which relates the crack extension force73

to the speed of crack propagation vc
37–45

74

G−G0 = G0φ(atvc) = G0(
vc

v*
)n (2)

Here, G0 is the critical energy release rate as vc approaches75

zero, φ(aT vc) is a viscoelastic ‘loss function’, proportional to76

G0, and aT is the Williams-Landel-Ferry shift factor for time-77

temperature superposition. In this work, we use a specific78

form of the viscoelastic ‘loss function’, φ = (vc/v*)n, where79

v* is a characteristic crack speed at which G = 2G0, and n80

is an empirical constant.37,43–46 Note the simplifying assump-81

tion that G0 is rate-independent. Equation 2 is valid indepen-82

dent of probe geometry, illustrating the advantage of fracture83

mechanics.36
84

Adhesive pads of stick insects are irregularly shaped, with85

a bean-shaped contact area, and an accurate quantitative ex-86

pression for G is, to our knowledge, not available. In order to87

circumvent this problem, we study the variation of the relative88

energy dissipation, G/G0 − 1, for three common contact ge- 89

ometries. We are making the simplifying assumption that for 90

each geometry, the adhesion force P is described by a single 91

equation containing a velocity-dependent energy release rate 92

G. Thus, for a circular flat punch (assuming an approximately 93

constant elastic modulus), G/G0 ≈ P(vc)
2/P2

0 ,47 while for an 94

adhesive tape and a spherical indenter, G/G0 ≈ P(vc)/P0, re- 95

spectively.48,49 Here, P(vc) is the peak adhesive force mea- 96

sured at a finite crack speed vc, and P0 is the peak adhesive 97

force required to detach the pad under true equilibrium condi- 98

tions (i. e. vc = 0). Thus, if P, vc, and P0 are known, the scal- 99

ing of the relative energy dissipation with crack speed can be 100

assessed without any specific assumptions regarding the stiff- 101

ness or size of the pads. 102

Materials and Methods 103

Study animals and set-up. 104

Adult Indian stick insects (Carausius morosus, Phasmatidae, 105

Sinéty 1901, body mass: 0.80± 0.1 g, mean± standard de- 106

viation, n=21) were taken from laboratory colonies fed with 107

bramble, ivy and water ad libitum. Prior to force measure- 108

ments, stick insects were slid into glass tubes, and one of the 109

two protruding front legs was attached to a supporting metal 110

wire, so that the ventral side of the arolium was the highest 111

point.50
112

Peak adhesion of individual arolia of live insects was mea- 113

sured using a custom-built fibre-optic 1D-force transducer. A 114

small piece of reflective foil was glued onto one end of a 115

brass plate cut to 100 × 10 × 0.2 mm (length × width × 116

thickness), and the opposite end of the plate was clamped 117

onto a metal support with a free-standing length of 30 mm 118

(see figure 1A). The metal support was fixed to a 3D motor 119

positioning stage (M-126PD, Physik Instrumente, Karlsruhe, 120

Germany, resolution 0.25 µm, maximum velocity 15 mm s−1), 121

controlled by a custom-made Labview programme (National 122

Instruments, Austin, TX, USA). The end of a D12 fibre optic 123

sensor (Philtec, INC., Annapolis, USA) was slowly lowered 124

towards the reflective foil, using a micro-manipulator mounted 125

on a custom-built holder (see figure 1A). The optical peak of 126

the sensor signal was set to 5V, using the built-in amplification 127

factor of the sensor’s amplifier. The fibre optic sensor was then 128

lowered further until the distance between the tip and the re- 129

flective foil was approximately 77 µm (equivalent to around 130

2.2 V), corresponding to the middle of the linear range of the 131

sensor’s highly sensitive near-field. An external circuit was 132

used to offset the voltage to 0 V. 133

The fibre-optic force transducer had a spring constant of 14- 134

17 N m−1 (depending on the effective lever arm), a resonance 135

frequency of 60 Hz (approximately three times faster than the 136

shortest force peaks measured in this study), and a resolution 137
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Table 1 Overview of the retraction speeds and corresponding video

recording rates

Retraction speed in µm s−1 Frames per second

10 20

50 50

100 50

250 50

500 100

1000 200

2000 500

(i. e. nine consecutive detachments), a time of at least 20 min193

was allowed, to provide sufficient time for the depleted pads194

to recover their maximum footprint volume.53
195

Interaction between shear-sensitivity and retraction196

speed. The adhesive strength of stick insect pads has been197

shown to increase with the shear-force acting on the pads198

during detachment.50 A custom-made 2D strain-gauge force199

transducer was used to measure the combined effect of shear200

force and retraction speed on arolium adhesion, following the201

procedure described in detail in Labonte and Federle 50 . Pads202

of 6 different stick insects were brought in contact with a glass203

coverslip as described above, after which a shear-force of 1,204

2 or 4 mN was applied for 3 s, using the force-feedback al-205

gorithm implemented in the Labview control software. The206

coverslips were then retracted at one of three speeds (250,207

500 or 1000 µ s−1), and both the peak adhesion and the shear208

force at this peak adhesion were extracted from the 50 Hz data209

recorded by the Labview software.210

Data analysis211

Peak adhesion for all experiments performed with the fibre-212

optic sensor was extracted from the 1000 Hz force-time data213

using custom-made Matlab scripts (The Mathworks, Nat-214

ick, MA, USA). Video recordings were post-processed using215

Fiji.54 The flickering of the light source visible at frame rates216

> 200 fps was removed by normalising the grey level of all217

images to the average grey value of the first frame, and the218

recordings were subsequently converted into binary images,219

using a ‘fuzzy threshold’ algorithm.55 The binary images were220

de-speckled using 2× 2 median filters, and the contact area A,221

perimeter Γ, width (lateral), height (proximal-distal) and co-222

ordinates of a bounding rectangle around the arolia were mea-223

sured from the videos, using the native particle analysis rou-224

tines implemented in Imagejv1.48k. All contact area param-225

eters were smoothed with a second order LOESS-algorithm226

(span = 0.3). In order to compensate for the decrease in reso-227

lution with increasing detachment speed, the detachment time228

was divided into 200 steps, and the LOESS-fit was used to pre-229

dict the contact area parameters at these steps from the original230

data (see fig. 1 B). 231

Speed of crack propagation and mode of detach- 232

ment. We use concepts from fracture mechanics (see above), 233

and treat the contact perimeter as a crack. During detachment, 234

this crack advances with a speed given by37
235

vc =−
da

dt
(3)

where a = A/Γ is the contact radius. Examples of the vari- 236

ation of a with time are shown in fig.1 B. We conducted an ad- 237

ditional high-speed measurement series for retraction speeds 238

of 10, 50, 250, and 500 µm s-1, where force and contact area 239

were synchronised and both recorded with 500 Hz. From 240

these data, we determined that the peak detachment force Pmax 241

occurred when the contact area reached a critical value Ac 242

at 30.83± 6.03% of its maximum value Amax (mean± s. e., 243

n=11), independent of retraction speed (linear mixed model, 244

F1,42 = 0.04, p = 0.82, n= 11). The speed of crack propagation 245

at Pmax was measured as the slope of a least-square regression 246

of a(AC) against time, including two data points on either side 247

of a(AC). 248

In order to investigate whether detachment is directional, 249

the peel velocity in the longitudinal and transverse directions 250

was measured as the change in the length and width of the 251

contact area, respectively, via a least-square regression of the 252

filtered data against time, including two data points on either 253

side of 60, 40 and 20% of Amax, respectively. 254

Modelling and statistics 255

The effects of retraction speed, accumulation/depletion and 256

shear force on adhesion were analysed with linear mixed mod- 257

els using the R package nlme, v3.1-119. Ratios were arcsine- 258

square root transformed prior to analysis to correct for the non- 259

normality of residuals. Equation 2 was fitted to the data as 260

follows: vc and Pmax were averaged for each retraction speed. 261

In order to estimate P0, we used independent force data, ac- 262

quired with the same set-up and insects of a similar size, but 263

at a slower retraction speed of 1 µm s-1. The measured crack 264

speed and the corresponding peak adhesive force were com- 265

bined with the data measured at a retraction speed of 10 µm s-1
266

to linearly extrapolate the peak adhesive force under equilib- 267

rium conditions (i. e. vc = 0), yielding P0 = 0.12 mN as an 268

upper limit of P0. The parameters n and v* were fitted to the 269

averaged data using a non-linear least squares algorithm. 270

The value of Ac used for the measurement of the speed of 271

crack propagation depends on the pre-load and carries some 272

uncertainty, but a speed-independent critical area has been 273

reported before for flat punches made from polyurethane.46
274

We repeated our analysis using values of Ac of 40% and 50% 275

of Amax and found that the qualitative results remained unaf- 276

fected. 277
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Table 2 Summary of statistical tests for the normality and randomness of model residuals, along with the residual standard error (R. s. e.) of

the model fit, corresponding to the fits shown in fig. 5 A, B.

Geometry p (Shapiro-Wilk) p (Runs-test) R. s. e.

Flat punch 0.2 0.22 0.43

Adhesive tape/Spherical indenter 0.77 0.23 0.08

sive interaction between the two separated materials plunges443

to zero, and below which it has a constant strength. The length444

of the ‘cohesive’ zone, where δ < δc, depends on the stiffness445

of the adhesive, which for viscoelastic materials is a function446

of the deformation frequency, providing the connection be-447

tween crack propagation speed, viscoelasticity and the strain448

energy release rate. However, as we are not aware of any data449

on the frequency-dependence of the stiffness of stick insect450

pads, a further quantitative exploration of such models is cur-451

rently infeasible.452

Remarkably, these approaches often assume that the crack453

propagation in a soft, dissipative material occurs in the same454

fashion as in a stiff, glassy material. In a detailed study,455

Hui et al.63 showed that for soft materials with an adhesive456

strength comparable to their elastic modulus, cracks ‘blunt’457

instead of propagate (see also62). As a consequence, the458

material close to the crack tip experiences large strains, and459

the resulting stresses may exceed the yield strength of the460

material, eventually causing cohesive failure, and the prop-461

agation of the crack.63 This dissipative process may involve462

fibrillation, cavity nucleation, as well as lateral and vertical463

crack growth, all of which are characteristic of the failure of464

soft, pressure-sensitive adhesives.64–66 Clearly, animals which465

make repeated use of their soft pads need to minimise plas-466

tic deformation, and it is an interesting question how exactly467

this can be achieved. Hui et al. 63 suggested that in mate-468

rials with sufficiently large strain hardening, ‘micro-cracks’469

can form. The highly stretched material close to the blunted470

region is much stiffer than the material far away from it, so471

that the stresses at the interface can become sufficient to deco-472

here the materials. Stick insect pads have a specialised cuti-473

cle ultrastructure, where larger principal rods branch into pro-474

gressively finer fibres closer to the surface membrane formed475

by the epicuticle,57,67,68 and the outermost layer appears to476

be considerably softer than the subjacent procuticle.57 It is477

unclear how these features influence the stress distribution478

around the crack tip, in particular for blunted cracks and large479

strains, but in principle, it appears plausible that they will re-480

sult in strain hardening. A gradual change in ultrastructure481

and material properties may represent a strategy to avoid co-482

hesive failure of the soft adhesive pads, but further studies are483

required to corroborate this hypothesis.484

The magnitude of dissipation: v*. v* is the crack speed485

at which G doubles compared to G0. Thus, small values of486

v* indicate a strongly dissipative material. For stick insect 487

pads, We found a lower bound v* > 37 µm s-1, more than two 488

orders of magnitude larger than measurements for elastomers 489

where v* is in the range of 2− 300 nm s−1.37,41,42,44–46 This 490

indicates that the velocity dependence of stick insects pads is 491

weak compared to that of elastomers. The magnitude of v* de- 492

pends on the molecular features of the adhesive, the substrate, 493

and their interface.37,43,44 However, as v* is a purely empirical 494

parameter, we emphasize that the following arguments have to 495

be treated with caution. 496

First, v* is inversely related to the relaxation time of the 497

adhesive,43 consistent with the interpretation that the rate-de- 498

pendence is caused by a viscoelastic material response.37 For 499

rubbery materials, the relaxation time may vary between a few 500

to several hundred seconds.43 Gorb et al. 29 investigated the 501

viscoelastic properties of the adhesive pads of a bush cricket, 502

and reported a fast (≈ 0.6 s) and a slow (≈ 41 s) relaxation. 503

Thus, the differences between the relaxation time of soft adhe- 504

sive pads and common elastomers might be too small to fully 505

explain the difference in energy dissipation. However, this 506

conclusion remains speculation until reliable data for stick in- 507

sect pads are available. 508

Second, v* is related to the mobility of molecules at the in- 509

terface.44,69,70 For rubbery materials on glass-like substrates, 510

surface molecules may have little or no segmental mobility, 511

resulting in sudden rupture of the bonds, and a considerable 512

increase in G.44 In the presence of thin interfacial layers with 513

high segmental mobility, separation can occur in a more con- 514

tinuous manner, significantly decreasing adhesion and its ve- 515

locity dependence.44,69–71 Effectively, the interfacial film acts 516

a ‘release layer’ through which the crack propagates, akin to a 517

lubrication effect. We suggest that the thin lipid layer covering 518

the adhesive pads may convey such a function, and thus de- 519

crease viscous dissipation during detachment. This interpre- 520

tation can also account for the increase of adhesion when pads 521

were ‘depleted’, and the trend for adhesion to decrease when 522

footprints were ‘accumulated’. Repeated steps at the same po- 523

sition may lead to a contamination of the substrate with sur- 524

face molecules, reducing the otherwise high surface energy of 525

glass, and thus reducing G0. A similar effect has been reported 526

for ‘dry’ gecko pads (see tab. 3), and for repeated adhesion 527

measurements on Polydimethylsiloxane surfaces.72 Continu- 528

ously decreasing the amount of free molecules at the interface 529

(‘depletion’), in turn, can reduce the screening of the direct 530
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the adhesive forces measured at different retraction speeds575

should be independent of fluid depletion (‘step number’). The576

mean crack propagation speeds measured during the deple-577

tion experiments, vc,1000 =676 µm s-1 and vc,50 =47 µm s-1, as578

well as v* =136 µm s-1 and n =0.49, yield a ratio of κ =579

P(vc,1000)/P(vc,50) ≈ 2 between the forces measured at a re-580

traction speed of 1000 and 50 µm s-1, not significantly differ-581

ent from the ratios observed for the first and the last step (t-test,582

t9 =1.5, p=0.16 and t9 =0.35, p=0.73, respectively). Thus, the583

rate-dependent contribution predicted by the fracture mechan-584

ics model is small enough to be consistent with the absence of585

a measurable interaction.586

Remarkably, modelling ‘wet’ adhesive pads as ‘dry’ elas-587

tomers can also account for the shear stress generated by in-588

sect pads, which is at least one order of magnitude too large589

to be explained by hydrodynamic lubrication.21,23,52,79,80 Fric-590

tion of soft materials is dominated by adhesive forces,81 and591

their contribution to the shear stress σ can be linked to the592

difference between the energy required to break and form in-593

terfacial bonds (corresponding to an advancing or a receding594

crack), GA and GR, respectively.82,83 GR is approximately G0,595

while GA depends on the crack propagation speed. Equation 2596

yields597

σ ≈
1

χ
G0

( v

v*

)n

(6)

where v ≈ vc is the sliding speed, and χ is a characteris-598

tic length scale representing the distance between bonds that599

are repeatedly broken and reformed during sliding.82–84 For600

sliding speeds between 0.1-1 µm s-1, stick insect pads show601

a shear stress between 80-100 kPa.80 Using v =0.1 µm s-1,602

v* = 136 µm s-1, n = 0.49, σ =80 kPa, and G0 = 0.05 J m−2,603

yields χ ≈ 18nm, consistent with the friction of soft, ‘dry’604

elastomers, where χ ≈ 1 − 10 nm is of a molecular dimen-605

sion.82–85 Equation 6 may also help to understand why the606

friction force generated by biological adhesive pads is consid-607

erably larger than their adhesion. Both adhesion and friction608

depend on the strain energy release rate which is of dimension609

force per length. However, two important differences exist:610

First, the two characteristic lengths determining net adhesion611

and friction, respectively, are quite different. For friction, the612

length is A/χ , where A is the contact area. For adhesion, in613

turn, the length is a characteristic dimension of the contact614

area, for example its width or radius (assuming length scal-615

ing). For stick insects, these lengths differ by around four or-616

ders of magnitude. Second, friction is caused by the difference617

in the energy required to form vs. to break adhesive bonds618

GA −GR, and thus for vc << v*, (GA −GR)/GR ∝ (vc/v*)n.619

Together, these effects can cause large differences in the mag-620

nitude of friction and adhesion: For stick insect pads sliding at621

a speed of 1 µm s-1, friction is approximately 100 times larger622

than the adhesion measured in the absence of shear forces.623

The previous discussion suggests that the rate-dependence 624

of ‘wet’ adhesive pads is akin to that of ‘dry’ elastomers, and 625

our data are consistent with a simple model based on fracture 626

mechanics. Fracture mechanics provide a simple yet power- 627

ful theoretical framework for the quantitative study of bio- 628

logical adhesives, and can explain a number of performance 629

characteristics of insect pads which are quantitatively incon- 630

sistent with simple predictions for ‘wet’ adhesive contacts. 631

Thus, the secretion does not appear to behave like a Newto- 632

nian ‘bulk’ fluid,21,52,80 and indeed it has been argued that 633

it may be ‘semi-solid’ at ambient temperatures.86 Based on 634

these observations, we suggest that the viscosity of the pad se- 635

cretion does not contribute significantly to adhesion and fric- 636

tion forces in insects. Instead, stick insects may attach via 637

weak non-covalent forces between the pad and the surface, as 638

is the case for the ‘dry’ adhesive pads of geckos. What, then, is 639

the functional significance of the secretion, and how does the 640

performance of ‘wet’ pads differ from that of ‘dry’ biological 641

pads? 642

The function of the fluid and the difference between ’wet’ 643

and ’dry’ biological adhesives 644

We investigated functional differences between ‘wet’ and 645

‘dry’ adhesive systems by conducting a literature survey sum- 646

marising experimental treatments and their impact on the 647

pads’ performance (tab. 3). The summary clearly shows that 648

the performance of ‘wet’ and ‘dry’ adhesive systems is strik- 649

ingly similar. Nevertheless, the published interpretations of 650

these findings often invoked explanations specific to ‘wet’ or 651

‘dry’ contacts. For example, Emerson and Diehl 4 observed 652

that the adhesive performance of tree frogs on glass decreased 653

significantly when the pads were immersed in water, and con- 654

cluded that attachment is aided by capillary forces. However, a 655

significant reduction in attachment performance has also been 656

reported for the friction of ‘dry’ gecko pads on hydrophilic 657

surfaces immersed in water.87 Given that dynamic biological 658

attachment pads face similar functional requirements, it comes 659

as no surprise that similar experimental treatments have sim- 660

ilar effects. However, the implication of this finding is that it 661

is surprisingly hard, if not impossible, to draw reliable con- 662

clusions on the physical mechanisms underlying attachment 663

from such experiments, at least if they are not conducted in 664

a rigorous comparative manner. The key problem is that the 665

attachment performance of soft, rubbery materials has similar 666

characteristics as that of ‘wet’ contacts. Thus far, we are not 667

aware of a single experiment which has yielded a qualitatively 668

different result for ‘dry’ vs. ‘wet’ adhesive pads. Clearly, the 669

physical attachment mechanisms of both types of pads are ei- 670

ther identical, or cannot be distinguished with the available 671

information. 672

However, this conclusion does not preclude a functional im- 673
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portance of the pad secretion as such. For example, the pad674

secretion may help to fill in small gaps on rough surfaces,675

thereby increasing contact area and thus adhesion.52 Other676

experiments revealed a significant drop in attachment perfor-677

mance when pads were washed with solvents, likely resulting678

in a removal of the secretion (see tab. 3). Notably, the entire679

body of insects is covered with a thin lipid layer, and compar-680

ative analyses between the pad secretion and samples taken681

from the other parts of the insects’ body have not revealed682

any significant qualitative differences in chemical composi-683

tion.79,86,88–90 It appears plausible that this chemical congru-684

ence implies that the lipid secretion has a similar function in685

the pads and the rest of the body.14 The key function of the686

whole-body lipid coverage is to avoid evaporation, a crucial687

issue for small animals with large surface-to-volume ratios,688

and removal of the lipid layer likely compromises this protec-689

tive function. The subsequent reduction of the water content of690

the soft pad cuticle likely increases its stiffness,91,92 providing691

a possible explanation for the observed drop in performance.692

Strikingly, geckos may face a similar problem, as the stiffness693

of β -keratin is also controlled by hydration.93
694

Our results suggest that another function of the secretion695

may be to serve as a lubricating separation layer, reducing ad-696

hesion and in particular its rate-dependence. An adaptation697

that serves to reduce adhesion may be explained by the func-698

tional requirement to combine strong attachment with rapid699

and effortless detachment. There is ample evidence that ad-700

hesion is controlled via shear forces, in ‘dry’, ‘wet’, ‘hairy’701

and ‘smooth’ systems,50,81,94,95 but the details of this mech-702

anism remain unclear. Our results clearly show that shear703

forces exhibit a much larger effect on adhesion than retraction704

speed, and thus are likely the main tool for the modulation705

of surface attachment during locomotion.81 Thus, attachment706

forces in the absence of shear can or even should be negligi-707

ble to allow effortless detachment. Interestingly, a highly mo-708

bile interfacial layer may help to decrease attachment forces709

during purely normal separation, but may increase attach-710

ment forces via interfacial slippage when pads are simultane-711

ously sheared.96–99 Gravish et al.100 suggested that the shear-712

sensitivity of gecko pads is caused by significant energy dis-713

sipation via frictional sliding, and in insects, the presence of714

a thin interfacial layer may help to ensure that interfacial slip-715

page occurs before the stress concentrations close to the crack716

tip are sufficient to advance the crack when pads are pulled off717

and sheared simultaneously. Remarkably, gecko pads leave718

tiny amounts of phospholipid ‘footprints’,101 which may ful-719

fil a similar function as the secretions found in arthropods.720

Clearly, comparative studies on the presence and role of thin721

lipid layers for the material properties and shear-sensitivity of722

adhesive pads in geckos, insects, and spiders are required to723

study the above mechanisms in more detail, and to improve724

our understanding of the design and function of biological ad-725

hesive pads. 726

1–14 | 11

Page 11 of 15 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



T
a

b
le

3
C

o
m

p
ariso

n
o

f
p

erfo
rm

an
ce

o
f

’d
ry

’
an

d
’w

et’
b

io
lo

g
ical

ad
h

esiv
es

E
x

p
erim

en
ta

l
R

esu
lt

S
h

o
w

n
fo

r...
C

o
n

sisten
t

w
ith

...
N

o
te

’d
ry’

p
a
d
s

’w
et’

p
a
d
s

’d
ry’

co
n
ta

ct

’W
et’

co
n
ta

ct

A
ttach

m
en

t
p

erfo
rm

an
ce

at

d
ifferen

t
slid

in
g

/d
etach

m
en

t

sp
eed

s

fo
rces

in
crease

w
ith

rate
g

eck
o

s
3
0
,3

2
,1

0
2

tree
fro

g
s

2
0,

an
ts

2
1
,2

3,

stick
in

sects
5
2

Y
es

Y
es

F
o

r
in

sects,
th

e
rate-d

ep
en

d
en

ce
o

f
ad

h
e-

sio
n

an
d

frictio
n

is
q

u
an

titativ
ely

in
co

n
sis-

ten
t

w
ith

a
co

n
tin

u
o

u
s

liq
u

id
fi

lm
in

th
e

p
ad

co
n

tact
zo

n
e,

see
tex

t.

A
ttach

m
en

t
p

erfo
rm

an
ce

at

d
ifferen

t
tem

p
eratu

res

d
ecreases

w
ith

tem
p

era-

tu
re

g
eck

o
s

1
0
3

co
ck

ro
ach

es
1
7,

an
ts

2
1
,2

3
Y

es
Y

es
F

o
r

an
ts,

o
n

ly
d

y
n

am
ic

fo
rces

w
ere

tem
p

eratu
re-d

ep
en

d
en

t.

A
ttach

m
en

t
p

erfo
rm

an
ce

at

d
ifferen

t
relativ

e
h

u
m

id
ities

is
sig

n
ifi

can
tly

affected
g

eck
o

s
3
0
,9

3
,1

0
4

sp
id

ers
1
0
5,

b
eetles

5
1,

n
o

effect
in

stick

in
sects

5
2

Y
es

Y
es

In
m

o
st

cases,
attach

m
en

t
fo

rces
in

creased

w
ith

h
u

m
id

ity.

T
reat

p
ad

s
w

ith
so

l-

v
en

ts/alco
h

o
l

A
ttach

m
en

t
p

erfo
rm

an
ce

is
red

u
ced

g
eck

o
s

†
b
u

g
s

1
8,

fl
ies

8
?

Y
es

In
fl

u
en

ce
o

n
stiffn

ess?

A
ttach

m
en

t
p

erfo
rm

an
ce

o
n

su
rfaces

fl
o

o
d

ed
w

ith
w

ater

is
sig

n
ifi

can
tly

affected
g

eck
o

s
1
0
6

tree
fro

g
s

4
,9

5,
an

ts
1
0
7

Y
es

Y
es

E
ffect

d
ep

en
d

s
o

n
th

e
su

rface
en

erg
ies

o
f

th
e

in
v
o

lv
ed

m
aterials.

A
ttach

m
en

t
p

erfo
rm

an
ce

o
n

sm
o

o
th

su
rfaces

w
ith

d
iffer-

en
t

n
o

rm
al

(p
re-)lo

ad
s

N
o

sig
n

ifi
can

t
effect

fo
r

ad
h

esiv
e

p
ad

s

g
eck

o
s

1
0
8

stick
in

sects
5
0
,5

2
,1

0
9,

b
eetles

1
0
9

Y
es

?
T

h
e

ran
g

e
o

f
lo

ad
s

w
as

sm
all,

an
d

effects

w
ere

fo
u

n
d

w
h

en
fl

u
id

w
as

accu
m

u
lated

5
2.

A
d

h
esio

n
d

ep
en

d
en

t
o

n

sh
ear

fo
rce

ap
p

lied
d

u
rin

g

d
etach

m
en

t

in
creases

w
h

en
p

u
lled

,
d

e-

creases
w

h
en

p
u

sh
ed

g
eck

o
s

9
4
,1

0
0

stick
in

sects
5
0,

b
eetles

&
co

ck
ro

ach
es

8
1,

tree

fro
g

s
9
5

Y
es

?
F

o
r

g
eck

o
s,

it
is

still
u

n
clear

w
h

eth
er

th
e

re-

latio
n

sh
ip

is
in

d
ep

en
d

en
t

o
f

co
n

tact
area.

C
o

n
tact

tim
e

b
efo

re
d

etach
-

m
en

t

A
d

h
esio

n
in

creases
w

ith

co
n

tact
tim

e

?
stick

in
sects

1
1
0

Y
es

Y
es

T
est

fo
r

static
frictio

n
P

resen
t,

sm
aller

th
an

d
y

-

n
am

ic
frictio

n

ch
am

eleo
n

s
1
1
1,

g
eck

o
s

1
3

an
ts

2
1
,2

3,
stick

in
-

sects
5
2,

tree
fro

g
s

2
4,

sp
id

ers
1
3

?
?

T
h

e
tran

sitio
n

to
slid

in
g

is
sig

n
ifi

can
tly

altered
if

’d
ry

’
m

aterials
are

m
icro

stru
c-

tu
red

1
1
2
,1

1
3.

F
o

r
’w

et’
h

airy
p

ad
s,

su
rface

ten
sio

n
m

ay
g

iv
e

rise
to

co
n

sid
erab

le
static

sh
ear

stress
ev

en
fo

r
N

ew
to

n
ian

fl
u

id
s.

8
1

P
erfo

rm
rep

eated
slid

es
o

n

th
e

sam
e

p
o

sitio
n

F
rictio

n
an

d
ad

h
esio

n
d

e-

crease

g
eck

o
s
∗

stick
in

sects
5
2
,1

0
9,

b
ee-

tles
1
0
9

?
Y

es
S

o
ft,

’ru
b

b
ery

’
p

o
ly

m
ers

h
av

e
b

een
sh

o
w

n

to
leav

e
resid

u
es

b
eh

in
d

,
affectin

g
th

eir
ad

-

h
esiv

e
p

erfo
rm

an
ce

in
rep

eated
trials

o
n

th
e

sam
e

sp
o

t
7
2.

P
erfo

rm
rep

eated

slid
es/p

u
ll-o

ffs
o

n
n

ew

p
o

sitio
n

s
w

ith
h

ig
h

fre-

q
u

en
cy

F
rictio

n
an

d
ad

h
esio

n
in

-

crease

?
stick

in
sects

5
2
,1

0
9,

b
ee-

tles
1
0
9

?
Y

es
T

h
e

effect
is

rev
ersed

w
h

en
ex

p
erim

en
ts

are

p
erfo

rm
ed

o
n

a
ro

u
g

h
su

rface
5
2

A
ttach

m
en

t
p

erfo
rm

an
ce

o
n

su
b

strates
w

ith
d

ifferen
t

su
r-

face
en

erg
y

M
ix

ed
rep

o
rts,

b
u

t
g

en
er-

ally
sm

all
o

r
n

o
effects

g
eck

o
s

1
0
6
,1

1
4

tree
fro

g
s

4,
b

ee-

tles
1
1
,1

1
5
–
1
1
9,

ap
h

id
s

1
9,

co
ck

-

ro
ach

es
1
2
0

?
?

A
co

m
p

ariso
n

to
th

eo
retical

p
red

ictio
n

s
re-

q
u

ires
th

e
estim

atio
n

o
f

u
n

k
n

o
w

n
p

aram
e-

ters,
an

d
th

e
u

se
o

f
sim

p
lifi

ed
m

o
d

els

A
ttach

m
en

t
p

erfo
rm

an
ce

af-

ter
p

ad
co

n
tam

in
atio

n

P
ad

s
lo

se
&

th
en

reg
ain

at-

tach
m

en
t

ab
ility

g
eck

o
s

1
2
1

b
eetles

&
stick

in
-

sects
1
2
2,

tree
fro

g
s

1
2
3

–
–

R
eco

v
ery

rates
ap

p
ear

to
b

e
h

ig
h

er
fo

r
’w

et’

p
ad

s
1
2
2

∗K
A

u
tu

m
n

,
p

ers.
co

m
m

u
n

icatio
n

12 | 1–14

Page 12 of 15Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



References727

1 J. Gillett and V. Wigglesworth, Proc R Soc B, 1932, 111, 364–376.728

2 M. D. Kendall, Z Zellforsch Mikrosk Anat, 1970, 109, 112–137.729

3 V. V. Ernst, Tissue and Cell, 1973, 5, 97–104.730

4 S. Emerson and D. Diehl, Biol J Linn Soc, 1980, 13, 199–216.731

5 A. Ghazi-Bayat and I. Hasenfuss, Zool. Anz, 1980, 204, 13–18.732

6 D. M. Green, Copeia, 1981, 1981, 790–796.733

7 N. Stork, J Nat Hist, 1983, 17, 583–597.734

8 G. Walker, A. B. Yulf and J. Ratcliffe, J Zool, 1985, 205, 297–307.735

9 A. D. Lees and J. Hardie, J Exp Biol, 1988, 136, 209–228.736

10 S. Gorb, Proc R Soc Lond, 1998, 265, 747–752.737

11 T. Eisner and D. Aneshansley, PNAS, 2000, 97, 6568–6573.738

12 J. M. Smith, J. W. Barnes, J. Downie and G. Ruxton, J Zool, 2006, 270,739

372–383.740

13 A. M. Peattie, J.-H. Dirks, S. Henriques and W. Federle, PLoS One,741

2011, 6, e20485.742

14 O. Betz, Biological Adhesive Systems, Springer, 2010, pp. 111–152.743

15 J.-H. Dirks and W. Federle, Soft Matter, 2011, 7, 11047–11053.744

16 J.-H. Dirks, Beilstein J Nanotechnol, 2014, 5, 1160–1166.745

17 L. Roth and E. Willis, J Exp Zool, 1952, 119, 483–517.746

18 J. Edwards and M. Tarkanian, Proc R Entomol Soc, 1970, 45, 1–5.747

19 A. F. G. Dixon, P. Croghan and R. Gowing, J Exp Biol, 1990, 152, 243–748

253.749

20 G. Hanna and J. W. Barnes, J Exp Biol, 1991, 155, 103–125.750

21 W. Federle, M. Riehle, A. S. Curtis and R. Full, Integr Comp Biol, 2002,751

42, 1100–1106.752

22 W. Vötsch, G. Nicholson, R. Müller, Y. D. Stierhof, S. Gorb and753

U. Schwarz, Insect Biochem Mol Biol, 2002, 32, 1605–1613.754

23 W. Federle, W. Baumgartner and B. Hölldobler, J Exp Biol, 2004, 206,755

67–74.756

24 W. Federle, J. W. Barnes, W. Baumgartner, P. Drechsler and J. M. Smith,757

J R Soc Interface, 2006, 3, 689–697.758

25 J. W. Barnes, MRS Bulletin, 2007, 32, 479–485.759

26 S. F. Geiselhardt, W. Federle, B. Prüm, S. Geiselhardt, S. Lamm and760

K. Peschke, J Insect Physiol, 2009, 56, 398–404.761

27 B. Abou, C. Gay, B. Laurent, O. Cardoso, D. Voigt, H. Peisker and762

S. Gorb, J R Soc Interface, 2010, 7, 1745–1752.763

28 H. Peisker, L. Heepe, A. E. Kovalev and S. N. Gorb, J R Soc Interface,764

2014, 11, 20140752.765

29 S. Gorb, Y. Jiao and M. Scherge, J Comp Physiol A, 2000, 186, 821–831.766

30 J. Puthoff, M. Prowse, M. Wilkinson and K. Autumn, J Exp Biol, 2010,767

213, 3699–3704.768

31 J. W. Barnes, P. Goodwyn, M. Nokhbatolfoghahai and S. Gorb, J Comp769

Physiol A, 2011, 197, 969–78.770

32 J. Puthoff, M. Holbrook, M. Wilkinson, K. Jin, N. Pesika and K. Au-771

tumn, Soft Matter, 2013, 9, 4855–63.772

33 C. Gay, Int Comp Biol, 2002, 42, 1123–1126.773

34 C. Creton and P. Fabre, Adhesion science and engineering, Elsevier, Am-774

sterdam, 2002, vol. 1, pp. 535–576.775

35 C. Creton, MRS bulletin, 2003, 28, 434–439.776

36 M. Barquins and D. Maugis, J Adhesion, 1981, 13, 53–65.777

37 K. R. Shull, Mat Sci Eng R, 2002, 36, 1–45.778

38 H. Müller and W. G. Knauss, J App Mech, 1971, 38, 483–488.779

39 A. Gent and J. Schultz, J Adhesion, 1972, 3, 281–294.780

40 E. H. Andrews and A. J. Kinloch, Proc R Soc A, 1973, 332, 385–399.781

41 D. Maugis and M. Barquins, J Phys D: Appl Phys, 1978, 11, 1989–2023.782

42 A. Gent, Langmuir, 1996, 12, 4492–4496.783

43 D. Ahn and K. R. Shull, Langmuir, 1998, 14, 3637–3645.784

44 D. Ahn and K. R. Shull, Langmuir, 1998, 14, 3646–3654.785

45 A. J. Crosby and K. R. Shull, J Polym Sci Part B Polym Phys, 1999, 37,786

3455–3472. 787

46 U. Abusomwan and M. Sitti, Appl Phys Lett, 2012, 101, 211907. 788

47 K. Kendall, Journal of Physics D: Applied Physics, 1971, 4, 1186–. 789

48 R. Rivlin, Paint Technol., 1944, 9, 215–216. 790

49 K. Johnson, K. Kendall and A. Roberts, Proc R Soc A, 1971, 324, 301– 791

313. 792

50 D. Labonte and W. Federle, PLoS One, 2013, 8, e81943. 793

51 D. Voigt, J. Schuppert, S. Dattinger and S. Gorb, J Zool, 2010, 281, 794

227–231. 795

52 P. Drechsler and W. Federle, J Comp Physiol A, 2006, 192, 1213–1222. 796

53 J.-H. Dirks and W. Federle, J R Soc Interface, 2011, 8, 952–60. 797

54 J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, 798

T. Pietzsch, S. Preibisch, C. Rueden, S. Saalfeld and B. Schmid, Nature 799

methods, 2012, 9, 676–682. 800

55 L. Huang and M. Wang, Pattern Recogn, 1995, 28, 41–51. 801

56 R Development Core Team, R: A Language and Environment for Statis- 802

tical Computing, R Foundation for Statistical Computing, Vienna, Aus- 803

tria, 2013. 804

57 I. Scholz, W. Baumgartner and W. Federle, J Comp Physiol A, 2008, 805

194, 373–384. 806

58 B. Lorenz, B. Krick, N. Mulakaluri, M. Smolyakova, S. Dieluweit, 807

W. Sawyer and B. Persson, J Phys: Condens Matter, 2013, 25, 225004. 808

59 A. Fogden and L. R. White, J Colloid Interface Sci, 1990, 138, 414–430. 809

60 X. Feng, M. A. Meitl, A. M. Bowen, Y. Huang, R. G. Nuzzo and J. A. 810

Rogers, Langmuir, 2007, 23, 12555–12560. 811

61 J. Greenwood and K. Johnson, Philos Mag, 1981, 43, 697–711. 812

62 B. Persson and E. Brener, Physical Review E, 2005, 71, 036123. 813

63 C.-Y. Hui, A. Jagota, S. Bennison and J. Londono, Proc R Soc A, 2003, 814

459, 1489–1516. 815

64 C. Creton and H. Lakrout, J Polym Sci Part B Polym Phys, 2000, 38, 816

965–979. 817

65 A. J. Crosby, K. R. Shull, H. Lakrout and C. Creton, J Appl Phys, 2000, 818

88, 2956–2966. 819

66 C. Creton, J. Hooker and K. R. Shull, Langmuir, 2001, 17, 4948–4954. 820

67 M. Bennemann, I. Scholz and W. Baumgartner, Bioinspiration, 821

Biomimetics, and Bioreplication, an Diego, California, USA, 2011, pp. 822

79751A–8. 823

68 M. Bennemann, S. Backhaus, I. Scholz, D. Park, J. Mayer and W. Baum- 824

gartner, J Exp Biol, 2014, 217, 3677–3687. 825

69 D. Ahn and K. R. Shull, Macromolecules, 1996, 29, 4381–4390. 826

70 K. R. Shull, D. Ahn, W.-L. Chen, C. M. Flanigan and A. J. Crosby, 827

Macromol. Chem. Phys., 1998, 199, 489–511. 828

71 F. D. Blum, B. C. Gandhi, D. Forciniti and L. R. Dharani, Macro- 829

molecules, 2005, 38, 481–487. 830

72 E. Kroner, R. Maboudian and E. Arzt, Adv Eng Mater, 2010, 12, 398– 831

404. 832

73 B. Francis and R. G. Horn, J Appl Phys, 2001, 89, 4167–4174. 833

74 S. Cai and B. Bhushan, Mat Sci Eng R, 2008, 61, 78–106. 834

75 S. Leroy and E. Charlaix, Journal of Fluid Mechanics, 2011, 674, 389– 835

407. 836

76 R. Villey, E. Martinot, C. Cottin-Bizonne, M. Phaner-Goutorbe, 837

L. Léger, F. Restagno and E. Charlaix, Physical review letters, 2013, 838

111, 215701–. 839

77 N. Stork, Antenna, 1983, 7, 20–23. 840

78 W. Federle, J Exp Biol, 2006, 209, 2611–2621. 841

79 S. F. Geiselhardt, S. Geiselhardt and K. Peschke, Chemoecology, 2009, 842

19, 185–193. 843

80 J. Dirks, C. Clemente and W. Federle, J R Soc Interface, 2010, 7, 587– 844

593. 845

81 D. Labonte and W. Federle, Phil Trans R Soc B, 2015, 370, 20140027. 846

82 H. Yoshizawa, Y. L. Chen and J. Israelachvili, J Phys Chem, 1993, 97, 847

1–14 | 13

Page 13 of 15 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



4128–4140.848

83 M. Heuberger, G. Luengo and J. Israelachvili, J Phys Chem B, 1999,849

103, 10127–10135.850

84 N. Chen, N. Maeda, M. Tirrell and J. Israelachvili, Macromolecules,851

2005, 38, 3491–3503.852

85 K. Grosch, Proc R Soc A, 1963, 274, 21–39.853

86 M. Reitz, H. Gerhardt, C. Schmitt, O. Betz, K. Albert and M. Lämmer-854

hofer, Anal Chim Acta, 2015, 854, 47–60.855

87 A. Y. Stark, T. W. Sullivan and P. H. Niewiarowski, J Exp Biol, 2012,856

215, 3080–3086.857

88 A. Kosaki and R. Yamaoka, Jpn J Appl Entomol Zool, 1996, 40, 47–53.858

89 O. Betz, J Morphol, 2003, 255, 24–43.859

90 S. Geiselhardt, S. Geiselhardt and K. Peschke, Chemoecology, 2011, 21,860

181–186.861

91 J. F. Vincent and U. G. Wegst, Arthropod Struct Dev, 2004, 33, 187–199.862

92 D. Klocke and H. Schmitz, Acta Biomater, 2011, 7, 2935–2942.863

93 M. Prowse, M. Wilkinson, J. Puthoff, G. Mayer and K. Autumn, Acta864

Biomater, 2011, 7, 733–738.865

94 K. Autumn, A. Dittmore, D. Santos, M. Spenko and M. Cutkosky, J Exp866

Biol, 2006, 209, 3569–3579.867

95 T. Endlein, A. Ji, D. Samuel, N. Yao, Z. Wang, W. J. P. Barnes, W. Fed-868

erle, M. Kappl and Z. Dai, J R Soc Interface, 2013, 10, 20120838.869

96 B. Newby, M. Chaudhury and H. Brown, Science, 1995, 269, 1407–870

1409.871

97 B. Newby and M. Chaudhury, Langmuir, 1998, 14, 4865–4872.872

98 A. Ghatak, K. Vorvolakos, H. She, D. L. Malotky and M. K. Chaudhury,873

J Phys Chem B, 2000, 104, 4018–4030.874

99 R. R. Collino, N. R. Philips, M. N. Rossol, R. M. McMeeking and M. R.875

Begley, J R Soc Interface, 2014, 11, 20140453.876

100 N. Gravish, M. Wilkinson and K. Autumn, J R Soc Interface, 2008, 5,877

339–348.878

101 P. Y. Hsu, L. Ge, X. Li, A. Y. Stark, C. Wesdemiotis, P. H. Niewiarowski879

and A. Dhinojwala, J R Soc Interface, 2011, 9, 657–664.880

102 N. Gravish, M. Wilkinson, S. Sponberg, A. Parness, N. Esparza, D. Soto,881

T. Yamaguchi, M. Broide, M. Cutkosky, C. Creton and K. Autumn, J R882

Soc Interface, 2010, 7, 259–269.883

103 P. H. Niewiarowski, S. Lopez, L. Ge, E. Hagan and A. Dhinojwala, PLoS884

One, 2008, 3, e2192.885

104 G. Huber, H. Mantz, R. Spolenak, K. Mecke, K. Jacobs, S. N. Gorb and886

E. Arzt, PNAS, 2005, 102, 16293–16296.887

105 J. O. Wolff and S. N. Gorb, Proc R Soc B, 2011, 279, 139–43.888

106 A. Y. Stark, I. Badge, N. A. Wucinich, T. W. Sullivan, P. H.889

Niewiarowski and A. Dhinojwala, PNAS, 2013, 110, 6340–6345.890

107 M. Scharmann, MSc thesis, Julius-Maximilians-Universität Würzburg,891

2011.892

108 K. Autumn, Y. Liang, S. Hsieh, W. Zesch, W. Chan, T. Kenny, R. Fearing893

and R. Full, Nature, 2000, 405, 681–685.894

109 J. M. R. Bullock, P. Drechsler and W. Federle, J Exp Biol, 2008, 211,895

3333–3343.896

110 P. Drechsler, PhD thesis, Julius-Maximilians-Universität Würzburg,897

2008.898

111 M. Spinner, G. Westhoff and S. N. Gorb, Scientific reports, 2014, 4,899

5481.900

112 M. Varenberg and S. N. Gorb, Adv Mater, 2009, 21, 483–486.901

113 B. Lorenz and B. Persson, J Phys : Condens Matter, 2012, 24, 225008.902

114 K. Autumn, M. Sitti, Y. A. Liang, A. M. Peattie, W. R. Hansen, S. Spon-903

berg, T. W. Kenny, R. Fearing, J. N. Israelachvili and R. J. Full, PNAS,904

2002, 99, 12252–12256.905

115 N. Stork, Zool J Linn Soc, 1980, 68, 173–306.906

116 S. N. Gorb, R. G. Beutel, E. V. Gorb, Y. Jiao, V. Kastner, S. Niederegger,907

V. L. Popov, M. Scherge, U. Schwarz and W. Vötsch, Integr Comp Biol,908

2002, 42, 1127–1139.909

117 E. Gorb and S. Gorb, Entomol Exp Appl, 2009, 130, 222–228. 910

118 J. M. R. Bullock, PhD thesis, University of Cambridge, 2010. 911

119 B. Prüm, H. Florian Bohn, R. Seidel, S. Rubach and T. Speck, Acta 912

Biomater, 2013, 9, 6360–6368. 913

120 A. Casteren and J. Codd, J Insect Sci, 2010, 10, 1–12. 914

121 W. Hansen and K. Autumn, PNAS, 2005, 102, 385–389. 915

122 C. J. Clemente, J. M. R. Bullock, A. Beale and W. Federle, J Exp Biol, 916

2010, 213, 635–642. 917

123 N. Crawford, T. Endlein and W. J. P. Barnes, J Exp Biol, 2012, 215, 918

3965–3972. 919

14 | 1–14

Page 14 of 15Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



We combine detailed force measurements on isolated attachment organs of live insects with a 

theoretical approach based on fracture mechanics to show that viscous energy dissipation of 

‘wet’ insect pads is akin to that of ‘dry’ elastomers. 
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