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Introduction 
 

Many insects are fast runners and skilful climbers. In order for climbing insects to forage efficiently and 
to escape rapidly from predators, contradictory demands must be met: attachment forces must be strong 
and reliable, but voluntary detachment should be fast and effortless. Indeed, some insects can withstand 
detachment forces of over 100 times their own body weight while also being able to run upside down on 
a smooth surface [1]. This highly dynamic control of attachment forces is achieved by a number of 
adaptations at different hierarchical levels, ranging from whole body kinematics to the ultra-structure of 
the adhesive pads [2-5].  
 

Controllability of attachment is partly caused by a fast change of the contact area of the adhesive pads in 
response to mechanical loading [2; 6-10]. The pad contact area increases when the legs are pulled towards 
the body, but the pads easily detach when pushed away from it, providing a simple and effective 
mechanism for controlling adhesion [7; 8]. However, this direction-dependent change of contact area is 
not sufficient to ensure safe attachment, as even with the whole pad in surface contact, adhesion can be 
small. Adhesive pads are inherently „non-sticky“, and adhesion only becomes appreciable if significant 
shear forces are acting on the pad [11]. Hence, insects can not only increase the contact area but also the 
adhesive stress of their pads by pulling the legs towards the body. This simple, reversible and fast 
mechanical control-system makes use of forces that may arise passively during climbing [11]. A similar 
“shear-sensitivity” of adhesive structures has also been reported to control adhesion in geckos and tree 
frogs [12; 13], suggesting convergent evolution of the same control mechanism, independent of the 
morphology and the type of adhesive structure (fibrillar vs. smooth, wet vs. dry). What explains the 
shear-sensitivity of adhesive stress in animal footpads? 
 

Results and Discussion 
 

We used a custom-made 2D strain gauge force transducer to perform “peel” (low-angle pull-off) 
experiments with isolated adhesive pads of living insects. Peeling at low angles resulted in an increase in 
shear-forces during detachment. Measured adhesion was consistent with simple steady-state peeling 
models for inextensible tapes [14; 15], but only for peel-angles larger than approximately 30-40°. For 
smaller peel-angles, the measured adhesion significantly exceeded predictions from the inextensible tape 
model. In this case, pad detachment was preceded by sliding (see Fig. 1A). The effect of sliding was also 
visible in a significant decrease of crack propagation speed (measured as reduction in contact area 
divided by perimeter, see Fig. 1B).Sometimes sliding resulted in a complete temporary crack arrest and/or 
re-attachment of already detached parts of the pad. Thus, sliding effectively increased the force required 
to drive detachment, “toughening” the adhesive interface (see [16; 17], for similar observations on 
technical adhesives). This effect led to a more than five-fold increase of the effective work of adhesion 
for detachment at small peel angles, against the predictions of classic peeling theory where work of 
adhesion is assumed to be constant.  
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Analogous to technical pressure-sensitive adhesives, insect pads show a strong adhesion hysteresis. The 
underlying energy dissipation via sliding is mainly “external”, (i.e. at the interface rather than within the 
adhesive), allowing insects to re-use adhesive pads repeatedly without any visible decrease in 
performance (see also [18]). This is in contrast to the “internal” energy dissipation that generates a 
significant part of the interface strength in pressure-sensitive adhesives [19]]. A more detailed 
understanding of this and other functional properties of insect adhesive pads may help to improve 
current technical adhesives in terms of their reversibility and reusability.
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