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Summary

The tarsi of the cricket Tettigonia viridissima bear  experiment on the silicon surface without secretion, no
flexible attachment pads that are able to deform, adhesive force was measured. There was no dependence of
replicating the profile of a surface to which they are the adhesive force on the applied compressive force.
apposed. This attachment system is supplemented by a When an intact pad was pulled off a flat silicon surface,
secretion produced by epidermal cells and transported the adhesive force increased with increasing applied
onto the surface of the pad through the pore canals of the compressive force, but it did not increase further once the
pad cuticle. This study shows that the secretion alone is applied force exceeded a certain value. The saturated
necessary, but not sufficient, for adhesion. To account for adhesive force, ranging from 0.7 to 1.2mN, was obtained
the full adhesive force, the deformation of the pad and the at applied forces of 0.7-1.5mN. The hemispherical surface
resulting changes in contact area were considered. In two of the pad had a larger contact area and demonstrated
series of experiments, the adhesive properties of the greater adhesion under a larger applied force. Adhesion
secretion and the adhesion of the whole pad were measured became saturated when a pad was deformed such that
using a force tester, the sensitivity of which ranged from contact area was maximal. The tenacity (the adhesive force
micronewtons to centinewtons. per unit area) was 1.7—2.2 mN mIT?.

The adhesive forces of the secretion measured between a
smooth sapphire ball with a diameter of 1.47 mm and a flat Key words: adhesion, epidermal secretion, biomaterial, cuticle,
silicon surface ranged from 0.1 to 0.6 mN. In a control attachment device, crickéettigonia viridissima

Introduction

Insects have optimised their attachment to different surfacel985). Comprehensive electron microscopic studies have
over a long period of biological evolution. Leg attachmentrevealed that this non-volatile secretion is produced in flies by
pads, used in locomotion, have an excellent ability to adapt targe cells located at the base of each pulvillus, that it is stored
a variety of surface profiles. There are two alternative designgithin a ‘spongy’ layer of cuticle and that it is delivered to the
of such systems. The pads of flies, beetles and earwigs awerface through a system of porous channels (Bauchhenss,
covered by relatively long deformable setae, which can bent979b) or through larger pores located under a plate-like
and, thus, replicate the profile of the surface. The second tyg&ructure at the top of each hair (Gorb, 1998).
of pad, so-called arolia and euplantulae, which occur in Previous experimental studies on insect attachment abilities
cockroaches, grasshoppers and bugs, are soft deformablave supported the idea that this secretion is essential for
structures with a relatively smooth surface. The first reportsuccessful attachment performance both in the ‘hairy system’
describing leg structures responsible for insect adherence a(ftork, 1980) and in the ‘smooth system’ (Lees and Hardie,
providing ideas about possible mechanisms of attachment wet®88; Dixon et al., 1990). In fact, the attachment forces
made during the nineteenth century (West, 1862; Dewitaneasured in previous studies consisted of two components,
1883; Dahl, 1884; Rombouts, 1884; Simmermacher, 1884adhesive force and shear force, because the experiments had to
Different hypotheses for attachment, ranging from microbe performed on the whole organism. The adhesive
suckers to the action of electrostatic forces, have beeromponents of the attachment force and the adhesive
proposed (Gillett and Wigglesworth, 1932; Maderson, 1964)properties of the secretion remain unknown. It has been

The majority of investigators have clearly demonstrated theeported that, among all the factors affecting friction, adhesion
presence of an adhesive secretion in the contact area betwesainly contributes to the overall friction force in the
pad surface and substratum (Bauchhenss, 1979a; Walker et alicronewton range (>90 %) (Rabinowicz, 1995). It is believed,
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therefore, that measurement of the adhesive component of t
attachment force is a crucial goal in studies of biologica
attachment devices.

Which components of the living material contribute to
overall adhesion? This paper will attempt to show that th
secretion alone is necessary, but not sufficient, for adhesio
To account for the full adhesive force, the deformation of thi
pad and the resulting changes in contact area must |
considered.

For this study, we have chos@&ettigonia viridissimathe
great green bush cricket), whose limb pads (euplantulac
belong to the ‘smooth’ type of pad system. These insects c:
stand and walk on a smooth vertical surface, even upside-dov
under the surface. We used a recently developed micro-for
tester, capable of sensing forces in the micro- to centinewtc
range, to study the adhesive properties of the secretio
adhesion of the pad and the relationship between adhesion ¢
deformation of the pad. The tester allows measurements
forces to be made on single pads or even on localised parts
pads. A similar technique has recently been applied t
the microtribological characterisation of technical surface: 4
(Scherge et al., 1999). =

A
b

Force

Materials and methods

Living males and females dfettigonia viridissima.. were Fa
caught in llmenau, Thiringer Wald, Germany.

Light microscopy

The tarsi were carefully cut off, and the pads were presse ..
with fine tweezers against a clean glass coverslip to obtaFig. 1. Adhesion measurements. (A) The micro-force tester used for
a footprint. The fresh print was studied under the lighradhesion measurements. The lower sample (S), the pad of a living
microscope using phase contrast (Zeiss Axioscope). Anothinsect, is connected to the platform, and the upper sample (Si), a
part of the print was mounted in distilled water, covered wittSilicon chip, is attached to the spring. Driven by a motor, the
a glass coverslip and again studied under the light micrOSCOFplatform moves the lower sample towards or away from the upper

. . ‘sample. The deflection of the glass spring (G) is monitored by the
Measurements of the droplets constituting the print Werfibre-optic sensor (FOS) through the mirror (M). (B) Diagram of a

car"ried out from digital pictures using AnalySIS SOftV\""‘retypical curve of force recordedersustime. Fn, applied force;Fa,
(Mnster, Germany). adhesive forceAt, remaining time (see Materials and methods).

Time

Force tester

The force tester (Tetra GmbH, limenau, Germany) used fd#y the accuracy of the measurement of the spring deflection
adhesion measurements (Fig. 1A) includes three main parts28d the spring constant. With a length resolution of 10 nm and
platform, a glass spring and a fibre-optic sensor. The lowek Spring constant of 106.9 N'fpan accuracy of 1.06IN was
sample is mounted on the platform, and the upper sample #&hieved. The spring constant was determined with an
attached to the glass spring with a spring constant ciccuracy of approximately +2.5Nt This leads to an error
106.9NnTL. Driven by a motor, the platform is capable of of 50 nN. All experiments were carried out at room temperature
being moved up and down. Spring deflection is detected by t{é2—24 °C) and at a relative humidity of 47-56 %.
fibre-optic sensor, and the signal is sent to a computer. The
interacting force between two samples is recorded as a force
versustime curve (Fig. 1B). To measure adhesion (adhesivEXxperiment 1
force) between the two samples, the lower sample was movedThe adhesive properties of the secretion were studied on
towards the upper sample, then lowered after the two samplésotprints deposited on clean silicon surfaces. The pad of a
had remained in contact (remaining time) under a certain loddeshly excised leg was pressed on a silicon surface and then
force (applied force or normal force). The effects of the appliethken away. This procedure was repeated several times with
force on the resulting adhesive force were studied on thide same pad to obtain a sufficient amount of secretion on the
footprints and directly on the pad. The accuracy is determinesllicon chip. The silicon chip was glued to the tester platform

Experimental arrangement and sample preparation
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as the lower sample. A sapphire ball 1.47 mm in diameter we 1.8
attached to the spring as the upper sample. Both the silicc 16 Hard surface
chip and the sapphire ball were smod®a<(l nm, whereRa is 141
the roughness of both the ball and silicon chip). Prior to th
. ) . . 1.2 1
experiment, they had been cleaned in an ultrasonic bath fille >
first with acetone and then with ethanol. No adhesive forc g 1 Indentation
between the sapphire ball and a clean silicon surface in tt g 0.8
control experiment could be measuredq, N=3 insects). S 06
. 04
Experiment 2
Measurements of adhesion of the pad were made using t 02
legs of living insects. A smooth silicon chip, cleaned as 0 I
i i -0.2 T r T
described above, was attached to the spring as the upg 5 i 10 50 200

sample. A living insect was immobilised and attached witt
sticky tape to the platform (Fig. 1A). The tarsus of one forele Displacement (um)
was firmly fixed with wax as the lower sample. The
measurements were made on the most distal pads of the tar
(n=30, N=4 insects).

Experiment 3

An additional series of experiments was carried out witt
excised tarsi. To prevent evaporation, the cut end was seal
with a droplet of wax. The tarsus was firmly fixed to the
platform with wax. All measurements were made with the mos
distal pads, as for experiment2=<60, N=12 insects).

As a control for experiments 2 and 3, the deformation of wa
under force applied by the sapphire ball was measured. Tt
experiment showed that the hardness of the wax, measured . : : :
the same range of applied force as for pads, is comparable w 0 0.5 1 15
that of the silicon surface. Hence, the effect of the wa Applied force (mN)
supporting the pad on measurements could be ignored.

Indentation (pum)

Fig. 2. Pad deformation. (A) Comparison of force—displacement
Experiment 4 curves obtained for the pad surface (individual points) and for a hard

To measure evaporation from excised tarsi, tarsi with the cS2MP!€ (solid line). The deflection of the spring pushed by a hard
' sample was equal to the displacement of the sample. When pushed

end Sealed_ with wax V\(ere weighed on an analytical balan(by the soft pad, the spring deflected less because of the indentation of
eyery 10min for approxmately 5 h.'The re;ults were compgrgthe pad. The indentation of the pad was calculated by subtracting the
with those obtained for pieces of similar size cut from the tibiiisplacement of the hard surface from the displacement of the pad at
(N=3). the same spring deflection to give the indentation of the pad under
the force corresponding to that deflection. (B) The indentation of the
Calculation of pad deformation pad versusapplied force (individual points). The solid line is the
When a pad was pressed against a silicon surface attactindentation data fitted according to the Hertz theory. The fluctuations
to the glass spring, its surface was deformed. The indentatidn the data for the pad in A and B were presumably caused by the
of the pad was obtained by comparing the spring deflectior®eating heart.
caused by the pad with those caused by a hard upper sam
(e.g. the sapphire ball) (Fig. 2). The deflection of the glas
spring pushed by the hard sample is equal to the displacemejilicon surface (Hertz, 1881). The pad was treated as part of a
of the sample. However, when pushed by a soft pad, the sprigghere of radiuf (Fig. 3), and the Hertz theory predicts the

deflects less because of the indentation on the pad. To give tiigentation on the padlunder an external forde, to be:
same deflection of the spring, the pad has to be moved furth -~ 1

towards the silicon surface. By subtracting the displacement ¢ 5= —
the hard sample from the displacement of the pad at the sar K2R3
spring deflection, the indentation of the pad under the forcehere
corresponding to that deflection was obtained. 1 3 1-w
The Hertz theory, which considers the deformation of twao —=—
X o : ) K 4 E
elastic bodies in contact under an external applied force, we
used to calculate the deformation of the pad pressed onto tKeis the effective elastic modulus of the padis Poisson’s

Fr2l3. @)

)
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Fig. 3. The attachment pad of tfiettigonia viridissima(A) Ventral
view of the tarsus of the third pair of legs. Tl, tibia; T1-T4, leg
tarsomeres. The pad of the most distal tarsomere (grey-coloure
area) was used in experiments. (B) Cross section of the pad (gr
area) outlined by a semicircl®, radius of curvature of the pad;
pad width. Thickness of the middle part of the grey-coloured area |
the pad thicknesd.

ratio andE is the Young's modulus of the pad. Contact gkea
is related to the indentatianand the applied forcE as:

Fig. 4. Footprints of Tettigonia viridissima (A) The unequal
A= T2 = TIRS = T(R/IK)?3Fn?/3, (3)  distribution of secretion on a glass surface (a coverslip). (B) Droplets

wherea is the contact radius of the pad on the silicon Surfaceoccurring in footprint preparations mounted in distilled water.

force needed to release the front pad of the living insect was
Results measured under an applied force ranging from 0.1 to 2.5mN.
Pad morphology and observations on pad secretion  |n this experiment, the pad was deformed by an external force,
Euplantulae are hemispherically shaped and the materialhich simulated the natural situation. It was found that the
from which they are made is highly deformable. The surfacadhesive force increased at smaller applied forces (Fig. 6A)
of the pad has a hexagonal pattern in the scanning electrand remained constant when the applied force exceeded a
microscope. The surface often appears to be covered withcartain value (Fig. 6B). The fluctuations observed in the force
secretory material. In the light microscope, the footprintsurve were caused by the heart beating (Fig. 6A, see also
consisted of round droplets with a diameter of approximatel¥ig. 2). In the case shown in Fig. 6B, the saturated adhesive
3-10um (Fig. 4). Inter-droplet distance on a dry glass surfacéorce of 1.1 mN was reached at an applied force of 0.8 mN.
was 7.582+1.798m (mean 1s.0., N=200). When the footprint These data were obtained from six trials performed on the same
was mounted in water, spherical droplets of the water-insolubladividual. The saturated adhesive forces of all six trials were

material occurred (Fig. 4B). very similar (1.11+0.03mN, mean &p.), and the adhesive
. . . force remained at around that value over the 3h measurement
Adhesive properties of the pad secretion period. In the different individuals studied, the saturated

Measurements of the adhesion of the pad secretion onaalhesive force ranged from 0.7 to 1.2 mN at applied forces of
smooth silicon surface were carried out at eight locations 08.7—1.5 mN K=4).
the surface. The adhesive forces varied from 0.1 to 0.6 mN
(Fig. 5). Depending on the location selected, the adhesive force Deformation
could increase (Fig. 5B) or decrease (Fig. 5A) monotonically Typical data for indentatiowersusapplied force are shown
or remain constant with increasing applied force ranging fronn Fig. 2B. The saturated adhesive force of 1.1 mN, given in
0.1 to 2.5mN. The increase or decrease in adhesive force wiig. 6B, was reached at an applied force of 0.8 mN, which
normally approximately 0.1-0.2mN for a 2.5mN increase irgenerated an indentation of i (Fig. 2A). For all the pads
applied force. In a few cases, the adhesive force oscillatagsed in the experiment€4), the indentation corresponding to
randomly. The adhesive force depended strongly on théme saturated adhesive force ranged from 40 {80

location of the sapphire ball on the silicon surface. Although the indentation of the pad was obtained by
_ 3 comparing the spring deflection caused by the pad with that
Pad adhesion to the smooth silicon surface caused by a hard lower sample, the contact area could not be

Individuals ofTettigonia viridissiméhave a mean live mass measured or obtained in any other direct way. However, the
of approximately 1 g. For an insect standing on a surface, eaagtdentation of the pad (Fig. 2B) was well modelled by equation
of its six legs is pressed with a force of 1.6 mN. The adhesive (from the Hertz theory) at applied forces of less than
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Fig. 5. Adhesive properties of the pad secretion distributed on the silicon chip and measured by a sapphire ball of dlameateBdcduse
of the unequal distribution of secretion on the silicon surface, the adhesive force was location-dependent. Dependingt@ntkeléated,
the adhesive force decreasgd(.28-0.03,r2=0.23,P<0.0001) (A) or increaseq+0.16x+0.05,r2=0.19,P=0.02) (B) with increasing applied
force. (C) Mean adhesion at eight locations. (D) Adhesive force data obtained at eight locations pooled anergloithd applied force.
The ends of the boxes define the 25th and 75th percentiles, with the median and error bars defining the 10th and 90tliNbe326Mtiles

0.65mN. Hence, the contact area caused by an applied foregplained by the results of another experiment showing that
of less than 0.65mN could be obtained from equation 3, whicthe pad cuticle loses water more rapidly by evaporation than
was used to derive the relationship between adhesive force andrmal leg cuticle. After approximately 3 h, the pad had lost
the deformation of the pad. With stronger applied forces, thapproximately 50 % of its initial mass as a result of evaporation
deformations deviated from those predicted by the Hertz theoifrig. 7B).
because the pad was only a part of a sphere. Taking 2.86 mm
for the average radius of curvature of the pa(l.5 mm for
the pad radius and 10Qum for the pad thicknesd) (Fig. 3), Discussion
the effective elastic modulué of 21.9-64.1 kPa for pads was  This study is the first account separately to quantify the
found by fitting the data for indentatimersusapplied force contributions of the two main parts of an attachment system to
with equation 1. overall adhesion. The system consists of the adhesive secretion
on the pad surface and the highly deformable pad material.
Adhesion measured on the pad of an excised tarsus  Both parts of the system work together during attachment to
To study the effects of a change in pad material on pasurfaces.
adhesion, measurements were carried out on a freshly excised
leg. Surprisingly, the pads of freshly excised tarsi had the same ~ Composition and properties of the pad secretion
adhesive force as a living pad. However, the adhesive force Fluid secretions have previously been reported from hairy
decreased to zero after 70—75 min (Fig. 7A). This effect can bedhesive pads of reduviid bugs (Edwards and Tarkanian,
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1970), flies (Bauchhenss and Renner, 1977; Bauchhendmid-like substance that can be observed in footprints under
1979a,b; Walker et al., 1985) and coccinellid beetles (Ishiwater (Hasenfuss, 1977a; Bauchhenss, 1979a) or in footprints
1987) and from the smooth pads of cockroaches (Roth arsained by Sudan Black (Lees and Hardie, 1988). This fluid
Willis, 1952), aphids (Lees and Hardie, 1988; Dixon et al.adheres well to both hydrophilic and hydrophobic surfaces,
1990) and bugs (Hasenfuss, 1977a,b, 1978; Ghasi-Bayat asdch as wax (Roth and Willis, 1952) and silanized glass (Dixon
Hasenfuss, 1980a—c). Pad secretion is an essential factor &ral., 1990). In beetles, the chloroform-soluble part of the pad
attachment to smooth surfaces. For example, when treated wighcretion is composed mainly of hydrocarbons, fatty acids and
lipid solvents, the pads of the bighodnius prolixushad a  alcohols (Ishii, 1987; Kosaki and Yamaoka, 1996). However,
poorer attachment performance than non-treated padBe nature of the water-soluble fraction of the fluid remains
(Edwards and Tarkanian, 1970). After a period of walking orunknown. It has been suggested that the fluid contains a
silica gel, aphidsAphis fabag lose their ability to attach to surfactant that would make adhesion less sensitive to the nature

smooth surfaces (Dixon et al., 1990). of the surface (Dixon et al., 1990). Information about the
The pad secretion of diverse insects contains a non-volatibalhesive properties of the fluid itself are lacking from the
literature.
1 The surfaces of newly emerged orthopterans, such as
A Melanoplus differentialisare impervious to water because of
0.8 1 the thin layer of epicuticle (Slifer, 1950). The epicuticle later
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Fig. 6. Adhesive force measured on the pad of a living cricket ' ' '

(A) An example of the force curves obtained experimentally. 00:00 01:12 02:24 03:36 04:48

(B) Dependence of adhesion on applied force. At smaller applie Time (h)

forces, the adhesive force increased with increasing applied force; ..

became saturated at an applied force of more than 0.8 mN (brokFig. 7. Results of experiments with the tarsi excised from the body.
line). The saturated adhesive force was approximately 1.1mMNA) The decrease in adhesion measured on the pad of an excised
Assuming that the adhesive forde))is proportional to the contact tarsus. Values are means stb. (N=3). The tarsus was excised
area caused by the applied forde,)( the data were fitted in immediately after adhesion measurements and tested repeatedly over
accordance with the Hertz theoRs=KA=T(R/K)Z3KFr23 (solid 70min. (B) Water loss (as percentage loss of mass) from pieces of leg
line), whereKa is a constantA is the contact are& is the effective  excised from the body. Filled circles are data for ta¥silQ); open
elastic modulus anR is the radius of curvature of the pad. circles are data for pieces of leg segment cut from the hii&Q).
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becomes abraded because of locomotion on rough plashape of the pad, both indentation and contact area at first
surfaces. However, the pad surface remains waterproof. Thiscreased rapidly in response to applied force. With increased
waterproofing mechanism presumably consists of a very thicontact area, however, it became harder to make an
layer of wax or wax-like material, which is soluble in xylol. indentation in the surface of the pad. As a result, the
This substance seems to be similar to that reported fandentation and the contact area increased more slowly with
cockroaches (Roth and Willis, 1952). These waxy substancéscreasing applied force. The pad was only part of a sphere
may also be involved in the attachment mechanism. (Fig. 3). When mostly indented, it behaved almost like a hard
The pad of Tettigonia viridissimais covered with an sample. In this condition, the indentation increased very little
epidermal secretion released onto the cuticle surface. It hasth increasing applied force. Maximum contact area had
been suggested that the pad is moistened by a secretibeen reached. At applied forces that caused the maximum
originating in the region of the mouthparts (Hennig, 1973). Theontact area between the pad and the silicon surface, a
adhesive force of the living pad does not change over timsaturated adhesive force was reached. The saturated adhesive
suggesting that the secretion originates from the pad itsefforce of 1.1 mN was obtained at an applied force of 0.8 mN
Pad-licking behaviour has, presumably, a cleaning function. (Fig. 6B). The corresponding indentation at this load was
The purpose of the measurements with a sapphire ball on thpproximately 7pm (Fig. 2), which was comparable with the
silicon surface was to understand how the pad secretidhickness of the pad (approximately 100). Before
contributes to the overall adhesive force. Adhesive force wasaximum contact was reached, both the contact area and the
detected only for secretion droplets distributed on a silicomdhesive force increased with increasing applied force,
surface, but not for a clean silicon surface. A droplet locatethdicating that the adhesive force was related to the contact
at the first contact point of the sapphire ball would be spreaarea caused by the applied force.
and become thinner under a load, resulting in an increasing Analysing the force curves in Fig. 6A, it was found that
adhesive force with increased applied force (Fig. 5A). Dropletseparation of the pad from the silicon surface was recorded as
located away from the first contact point would be pushed ‘jump off’ and that the retraction part of the force curve was
aside, resulting in decreased adhesive force under highkasically linear. This shows that the contact area did not change
applied force (Fig. 5B). In the cases in which droplets wereluring the retraction process and that separation was a one-step
located in an intermediate position relative to the sapphire bakkvent. Let us assume that the adhesive fdtgecan be
the adhesive force could either remain constant or oscillatexpressed as a function of the contact AraaFa=KazA, where
slightly. Kais a constant representing the adhesive force of the pad per
The secretion is probably highly viscous, and the measurathit area (tenacity). To check this relationship, we considered
adhesive force is mainly a result of the viscosity of thethe following. (i) The adhesive force became saturated when
secretion. It is well known that the thinner the fluid filmthe pad achieved maximum contact with the silicon surface.
between two solids, the greater the pulling force required ti) From equation 3, the adhesive force could be expressed as
separate the two surfaces (Bowen and Tabor, 19864 function of applied force as:
Unfortunately, it was impossible to study the viscosity of the _ _
secretion using our techniques. This will be performed by Fa= KeA = n(RIK)?KaF0 S “)
using atomic force microscopy in future studies. The indirecat applied forces of less than 0.65mN. The data for adhesive
evidence for viscous force in our measurements was that, farceversusapplied force were found to be in agreement with
some cases, a stronger adhesive force was measured on sirfgle relationship for applied forces of less than 0.65mN
droplets pressed by the sapphire ball. However, in the case @fig. 6B) andKawas 1.7-2.2 mN mn#. It was concluded that
the pad, secretion droplets would presumably spread well dhe attachment ofettigonia viridissimato a smooth surface
the pad surface even under low forces because of the sefts strongly dependent on the contact area, i.e. the mechanical
material of the pad. This leads us to conclude that adhesiodeformation of the pad.
measured directly on the pad, is mainly related to the contact In an individual ofTettigonia viridissimaattached upside-
area between the pad and the surface. down under a smooth surface, the adhesion of each leg needs
to exceed the pulling force of 1.6 mN. In our experiments, the
Relationships between adhesion and pad deformation  saturated adhesive force of the pad of one tarsomere ranged
Material deformation is one of several factors responsiblérom 0.7 to 1.2 mN. This force is not sufficient to hold an insect
for the area of real contact between solids (Bowden and Tabaspside-down. However, using additional tarsomeres could
1986). Furthermore, the area of real contact may influence bothake this possible. In addition, other mechanisms may be
adhesion and friction. Data on the material deformation of thevolved in the attachment onto a surface. These are (i) the
pad aided in understanding the factors influencing theelease of a larger amount of secretion; (ii) active control of
tribological properties of the pad. the contact area by changing the haemolymph pressure or the
Fig. 2 shows that the size of the indentation increasedir pressure in the air sacs; (iii) the contribution of lateral
rapidly at smaller applied forces, and that this increase slowdttictional) forces to an overall attachment force.
down with greater applied force. This can be explained by the The adhesive forces measured on pads of freshly excised
structure of the pad surface. Because of the hemispheridalgs were the same as those of intact insects because there was
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some residual secretion on the pad surfaces and the paill contribute to our understanding of the function of this

material was almost unchanged. However, the pad of thesect attachment system in locomotion. In a separate series of

excised tarsus loses its adhesive properties after approximatelyperiments, the relationship between pad deformation, its

1h, probably because of the absence of any new secretion amdterial properties and ultrastructure will be investigated.

the change in the material structure of the pad caused by

dehydration. Discussions with Professor Dr U. Schwarz (MPI fur

Entwicklungsbiologie, Tubingen, Germany) and with Dr R.

Comparison with other insect attachment systems Hilpert and Dr J. Ritter (DaimlerCrysler Research Center,

Data on the hairy pad system of the adult reduviid budgJim, Germany) on the structure and properties of biomaterials
Rhodnius prolixusled previous authors to suggest thatare greatly acknowledged. We thank Mrs V. Kastner, who
mechanical interlocking between adhesive setae anghade valuable suggestions on an early version of the
irregularities in the substratum is responsible for attachment tmanuscript. This work is supported by a grant from the
the substratum (Gillett and Wigglesworth, 1932). In the beetl€ederal Ministry of Education, Science and Technology,
Chrysolina polita the attachment force increases with the totalGermany, to S.G. (project BioFuture 0311851).
number of adhesive setae (Stork, 1980). In the beetle hairy pad
system, two forces make major contributes to the overall
el Sheson elveen e S8 htnerss, . (s7sn, D pubien von Clpor

. " L . erythrocephalavieig. (Diptera, Brachycera) als Adhasionsorgane.
epidermal secretion. A similar attachment mechanism has beenZoomorph.93, 99123
hypothesised for spatulate hairs of the adhesive pads of thg,chhenss, E. (1979b). Die Pulvillen von Calliphora
Gecko(Ruibal and Ernst, 1965; Hiller, 1968; Russell, 1975; erythrocephala Meig. als Adhasionsorgane. Dissertation,
Stork, 1983b). Universitat Miinchen.

Molecular adhesion requires very close proximity betweemauchhenss, E. and Renner, M(1977). Pulvillus ofCalliphora
the surfaces in contact. This means that the setae or setal end®@ythrocephala Meig. (Diptera; Calliphoridae).Int. J. Insect
have to be composed of extremely flexible material. The Morph. Embryol6, 225-227.
flexibility of beetle setae has been confirmed by staining witowden, F. P. and Tabor, D(1986).The Friction and Lubrication
Mallory’s single stain (Stork, 1983a). For hairy pad systems, ©f Solids Oxford: Clarendon Press.
there are no data on the dependence of the attachment of Fﬁ‘l{ inerd, E. L. (1994). Adhesion force of ants on smooth surfaces.

. . . . m. Zool.34, 128.
material to the substratum on increasing loading force. F%a

. hl, F. (1884). Beitrage zur Kenntniss des Baues und der Funktion
smooth pad systems, such as the arolium of the ant, the ., |nsektenbeinerch. Naturgeschs0, 146-193.

viscoelastic properties of the pad material have beeReyitz, H. (1883). Die Befestigung durch einen klebenden Schieim

suggested previously (Brainerd, 1994), but not proved peim Springen gegen senkrechte Flacteml. Anz6, 273-274.

experimentally. Dewitz, H. (1884). Uber die Fortbewegung der Tiere an senkrechten
The present set of experiments demonstrates the importantlatten Flachen vermittels eines Secrefesh. Ges. Physiol33,

role of the mechanical properties of euplantulae material in 440-481.

adhesion. The deformable cuticle of the pad has a differetixon, A. F. G., Croghan, P. C. and Gowing, R. X1990). The

ultrastructure from that of the surrounding cuticle. It consists Mechanism by which aphids adhere to smooth surfdceSxp.

mainly of endocuticle (Roth and Willis, 1952; Henning, 1974), Biol. 152, 243-253. _ )

which is organised into characteristic rods orientated at aﬁdlzvjtgz‘pgéri' ;?g;i:ﬁ?:;g’hgé(lsg%‘t ngcafgszvfspfds of

angle to _the cuticle surface .(DeWItZ’ 1.884’ Slifer, 1950)2 Th%hasi-Bayat, A. and Hasenfuss, 1.(1980a). Zur Herkunft der

r,OdS’ which are 1.0-216n wide at their bases, branch into Adhasionsflissigkeit der Tarsalen Haftlappen bei den Pentatomidae

finer rods close to the surface of the pad (Kendall, 1970). (Heteroptera)Zool. Anz.204, 13-18.

Examination of sections of pad material has provided evidenagnasi-Bayat, A. and Hasenfuss, I. (1980b). Die

that, when the surface is compressed, the cuticle decreases iberflachenstrukturen der Pratarsus vBlasmucha ferrugata

thickness, the long rods flattening close to one another againstFabricius) (Acanthosomatidae, Heteropterdpol. Anz. 205

the inner layer. When the pressure is released, the rods returr76-80. )

to their previous position (Slifer, 1950). In addition, theGhasi-Bayat, A. and Hasenfuss, (1980c). Uber den Transportweg

euplantulae contain air sacs branching from the tracheal trunkder Haftflissigkeit der Pulvilli b&loptosoma scutellatu(@eofr.)

(Henning, 1974). Spaces within the tarsus are filled with_(Pataspididae, Heteropterdjachricht. Bayerischen Ert98Q 58.

haemolymph. The air sacs embedded in the fluid may provida!ett: J- D- and Wigglesworth, V. B.(1932). The climbing organ

o . . - of an insectRhodnius prolixugHemiptera, Reduviidaeproc. R.
an addltlopal mechanism responsible for the flexibility of the Soc. Lond. BL11 364-376.
pad material.

. . . Gorb, S. N.(1998). Origin and pathway of the epidermal secretion
In summary, we conclude (i) that the adhesive secretion is i, the damselfly head-arresting system (Insecta: Ododataject

essential for the attachment of the pad, and (ii) that the pnysjol.44, 1053-1061.

attachment is achieved by deformation of the pad. Further dat@senfuss, 1.(1977a). Die Herkunft der Adhasionsfliissigkeit bei

on the composition of the secretion and its physical properties InsektenZoomorph 87, 51-64.
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