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Summary

To test the role of constructional and dimensional factors The frictional properties of the material of the setal tips
in the generation of friction force by systems of setose were not dependent on the dimensions of the fly species.
attachment pads, six species of syrphid flyP(atycheirus  Similar results were obtained for the frictional properties
angustatus Sphaerophoria scripta Episyrphus balteatus of the pulvillus as a whole. Thus, the properties of the
Eristalis tenax Myathropa floreaand Volucella pelluceny  secretion and the mechanical properties of the material of
were studied using light and scanning electron microscopy. the setal tips are approximately constant among the species
Flies were selected according to their various body mass and studied. It is concluded that differences in friction force
attachment pad dimensions. Such variables as pad area, must be related mainly to variations in the real contact area
setal density, the area of a single setal tip and body mass were generated by the pad on the smooth surface. The real
individually measured. A centrifugal force tester, equipped contact area can be estimated as the summed area of the
with a fibre-optic sensor, was used to measure the friction broadened setal tips of the pad in contact with the surface.
forces of the pads on a smooth horizontal surface made of The real contact area depends on such morphological
polyvinylchloride. Friction force, which is the resistance variables as setal density and the area of a single setal tip.
force of the insect mass against the sum of centrifugal and Although individual variables vary among flies with
tangential forces, was greater in heavier insects such Es. different dimensions, they usually compensate such that
tenax M. florea and V. pellucens Although lighter species smaller setal tip area is partially compensated for by higher
generated lower frictional forces, the acceleration required setal density.
to detach an insect was greater in smaller species. The area
of attachment pads, setal tip area and setal density differed
significantly in the species studied, and the dependence of Key words: morphology, cuticle, material properties, scale effect,
these variables on body mass was significant. friction, attachment, Insecta, Diptera, syrphid fly.

Introduction

During their evolution, insects have evolved two distinctly Data on the setose pad system of an adult reduviid bug
different mechanisms to attach themselves to a variety ¢Rhodnius prolixus led previous authors to suggest that
substrata: smooth flexible pads and setose surfaces. Attachmergchanical interlocking between adhesive setae and
forces mediated by friction or adhesion are usually proportionatregularities in the substratum is responsible for attachment to
to the area of real contact between two surfaces (Persson, 1998 substratum (Gillett and Wigglesworth, 1932). Most authors
Because of the flexible material of the pads, both mechanisnagiree that at least two factors related to the pad material can
can maximise the possible real contact area with the substratuaontribute to the attachment force: (i) material flexibility and
regardless of its microsculpture. Setose systems always contdii) the presence of an epidermal secretion in the contact area.
cuticle protuberances in their surfaces. The protuberancdhe deformability and visco-elastic properties of smooth pads
occurring on the setose pads of Coleoptera (Stork, 1980a; StoHgve been suggested to be important (Brainerd, 1994), and this
1980b), Dermaptera (Beutel and Gorb, 2000) and Dipteravas recently confirmed experimentally (Jiao et al., 2000; Gorb
(Bauchhenss, 1979; Bauchhenss and Renner, 1977; Godi,al., 2000). It has been shown that the adhesive secretion is
1998b) belong to different types. Representatives of the firsin essential component of attachment in both setose and
two lineages have setae, 5480 long, with sockets on the smooth systems. Pad fluids have been found on the smooth
ventral surface of their tarsal segments. Dipteran protuberancpads of cockroaches (Roth and Willis, 1952), aphids (Lees and
are acanthae, protuberances originating from a single cell ahkthrdie, 1988; Dixon et al., 1990) and bugs (Hasenfuss, 1977;
lacking sockets (Richards and Richards, 1969). Hasenfuss, 1978; Ghasi-Bayat and Hasenfuss, 1980) and on the
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setose adhesive pads of reduviid bugs (Edwards and Tarkaniavithout anaesthesia. Anaesthesia was not used because,

1970), flies (Bauchhenss and Renner, 1977; Bauchhenss, 19W8thout a recovery period, it may disturb the normal posture

Walker et al., 1985) and coccinellid beetles (Ishii, 1987).  of animals and, thus, influence attachment ability. To minimise
Although the morphology and ultrastructure of the setosevater loss through the cut wing bases, experiments were

attachment devices have been described in numerous studieatried out 5-15min after wing excision. After the

various aspects of the functioning of these systems still remagxperiments, the insects were labelled and placed in 70%

unclear. Among lizards, which are also able to walk on @thanol for processing for microscopy.

smooth surface using ‘setose pads’, the pad area has been

shown to be the primary factor influencing clinging ability in Force measurements

geckps, skinks and iguanjds (Irschick et al., 1996). However, A centrifugal technique was used. The main advantage of this
despite the close correlation between pad area and attachmﬁ{gthod’ especially in the case of small organisms, is that no

ability, pad area depends on body mass less than dogSor reatment of the insects is required. This method is
attachment ability. When the effect of body size is removed,ommonly used for the measurement of friction and adhesive
approximately 50% of the variation in clinging ability ¢yces for a variety of objects. It has been applied to measure
remains unexplained, which suggests that microsculptural anfle  gdhesion strength between starch microspheres and
ultrastructural differences may affect clinging ability. GeCkosmicrocrystalline cellulose (Podczeck and Newton, 1995), the
skinks and iguanids differ in the structure of the setae Cover.i”ﬁ?ictional properties of skin (Highley et al., 1977), the strength
the attachment pads (Ruibal and Ermst, 1965; Emst and Ruibg}, harnacle cement (Dougherty, 1990) and insect attachment
1967). However, the effect of ultrastructural properties has nghces (Dixon et al., 1990; Brainerd, 1994; Federle et al., 2000).

been investigated systematically. , Our equipment was improved to enable such variables as
In the beetleChrysolina polita attachment force increases j,iia| motor speed and motor acceleration to be varied and to

with the total number of adhesive setae (Stork, 1980b). Thgqyire, automatically, data on motor speed and insect position

number of adhesive setae can contribute to the attachm&Riative to the rotor centre (Fig. 1). The motor rotating the
force by increasing the number of single contact points and/Qj,,m was controlled by a computer. Just above the drum, a

by increasing the overall contact area with the substratum. TQger beam, serving as a light source, and a fibre-optic sensor

test the role of constructional and dimensional factors ifyere mounted. The sensitivity of the fibre-optic sensor could
attachment, a larger number of species must be tested. Syahyneq according to the subject’s dimensions. Its sensitivity

variables as pad area, setal density, the area of a single sefal high enough to monitor subjects of approximately 1 mm
tip and body mass must be individually measured to investigajg giameter rotating at 2000-2500 revs mirThe light source
their effects on the resulting attachment force. Previously,,q the sensor were displaced by a distadcgm the rotor
measurements of attachment forces in living insects have beggnire Given the angular speeg) bf the motor and the time
confounded by difficulties in experimental design or by the,atween the two interruptions of the light sensor sigha) (
time-consuming processing of video recordings. In this study,g 4 insect rotates on the disc, the radius of the position of

we improved the previously used centrifugal method Ofne gybject could be calculated after each rotation (Fig. 18-D).
measuring attachment force by incorporating a laser beamy| cajculations were carried out automatically by the

system and fibre-optic sensor to monitor the position of te,htroliing software. The radius and other variables were
insect on a drum. This method was used to test individuglispiayed on the computer screen, allowing the subject’s
attachment performance in six species of syrphid fly, chos&fsition on the drum during the experiment to be monitored
according to their body mass and attachment pad dimensiongrectly. An insect standing on the horizontal surface of the

The variety of attachment pad design in a number of taxa Qfrym covered by a smooth polyvinylchloride (PVC) plate (the
the family Syrphidae has been described previously (RO6deggniact angles of water droplet on the plate were 81-86°) was

1984). In our study, most morphological data were collected . a|erated until it lost contact with the drum. When the insect
individually, allowing us to compare directly the effects of ot the drum surface, the sensor no longer received a signal
structural properties on attachment ability. Lateral attachmenf,m the subject, and the motor acceleration was automatically
force, to which friction force is the main contributor, WaSinterrupted, the experiment stopped and data saved. The
measured. following variables were measured: sensor displacement from
the rotor central (cm), motor speed (revs mirrl), massm
Materials and methods (mg), time from the be_ginning of rotatid_n_ (s) and the time
between two sensor signdls (s). In addition, the following

, ) Ammals , _variables were calculated. The angular speddad s1) was
Male flies of six common species from the family Syrphidag. - jated as:

were captured in July 1999 in the Schonbuch forest (neer 1

Tubingen, southwest Germanytatycheirus angustatug.), W= TIv. (1)
Sphaerophoria scriptdl.), Episyrphus balteatugDe Geer), 3

Eristalis tenax(L.), Myathropa florea(L.) and Volucella  The angular speed was used to calculate the radius of rotation
pellucengL.). After capture, the wings were carefully cut off r (cm):
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Fig. 1. Centrifugal device for measuring frictional force. (A) Layout
of the centrifuge. The metal drum (dr), covered by a polyvinyl-

chloride disc (pt), is driven by the computer-controlled motor. The

Friction forces in Syrphida€l423

1
~ 1000 "% ®)

Knowing &, the tangential component of the friction fofee
(mN) was calculated:

Fe

1
= 1000 ma. (6)

The total friction forceF (mN) was obtained from the
centrifugal Fc and tangentiaFFt components of the friction
force:

Ft

F=\F2+F2, (7)

and the total acceleratiom (ms?2) was obtained from the
centrifugalac and tangentiad: components of the acceleration:

©)

Prior to force measurements, an individual insect was
weighed using a Mettler Toledo AG204 balance with a
precision of 0.1 mg. The number of individual flié¥) @nd
number of tests nj for each species was as follows:
Platycheirus angustatuN=6, n=60), Sphaerophoria scripta
(N=4, n=40), Episyrphus balteatugN=11, n=110), Eristalis
tenax (N=9, n=90), Myathropa florea (N=3, n=30) and
Volucella pellucens(N=5, n=50). Ten repetitions of force
measurements were made for each individual fly. No
statistically significant differences were revealed in fly
performance depending on the number of experiments. For
example, the relationship between friction force and experiment

a=\/a02+at2.

fibre-optic sensor (fos) is adjusted to be just above the disc. -”{éumber was estimated fér. tenax(N=8, n=10 tests for each

sensor signal is monitored by a computer (cp). (B—D) Diagram

insect, Kruskal-Wallis one-way analysis of variance, ANOVA,

showing the technique used to monitor insect position (view onto th@n ranksH=7.634, d.f.=9P=0.571). Similar results have been
disc surface from above). The sensor is shifted to one side of the diggported for ants (Federle et al., 2000).
by a distance from its centre. The fly, rotating clockwise, passes the We made corresponding calculations to evaluate possible

laser beam twice per rotation, thus interrupting the sensor sign

dragFdragfor each experimenn€371):

twice. Given the speed of the motor and the time between signal

interruptions, the position of the fly on the disc can be calculated (D). Faraq= E CANR 9)
a, angle between detected fly positions and the drum centre; cs, rag 2 '
sensor control electronics; cm, motor control electronids; . .. .
where C is the empirical drag coefficient (usually

displacement of the sensor from the drum centre; Is, light sayrce;

radius of the position of the fly from the rotor centre; rt, rotor of the@PProximately 1, dimensionlesg),is the area of the object in

motor.

Ow O
r=dcos EZE S )
the centrifugal component of the acceleratigim s2):
=100 ro?, (3)
and the tangential component of the acceleragidm <):
Awr
%= 100t ° @)

Knowing ac, the centrifugal component of the friction fofee
(mN) was calculated:

a plane perpendicular to the object’s motipiis the density
of the medium rzir=1.29 kg n3) andv is the linear speed.

Since we did not know the orientation of the insect on the
drum, we assumed that the insect always stood parallel to the
drum radius and that the insect’s area, in a plane perpendicular
to the object’s motion, was the maximum possible. These data
were obtained from digitised video frames for all six species.
The maximum linear speed of the insect was calculated from
the maximum rotational speed, which was recorded during
each experiment. Calculated average drag was 0.056N (
angustatus3.5% of the average friction force), 0.110 m® (
scripta, 1.28 %), 0.200 mNEp. balteatus0.88 %), 0.404 mN
(Er. tenax 0.26%), 0.504mN M. florea 0.24%) and
0.740mN ¥. pellucens 0.13%). According to these
calculations, the influence of fluid flow must be minimal for
such a body size and velocity.
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Light microscopy 200
The pretarsi of flies used in force measurements were cut ¢ S A _}
the legs, dehydrated in ethanol and whole-mounted in DePe E 1601
(Serva). Each individual leg was processed separately. Digit @ 120 1
images of pulvilli were obtained using a Sony 3CCD videc £
camera DXC-950P mounted on a Zeiss-Axioscope ligh e 80
microscope. Pulvillus areas were measured from digital image a 40
using Sigma-Scan 5.0 (SPSS) software. Data were averag ' |‘j
. oL . 0 +=2— . —L
separately for each individual, for each species and for ear F @ e @ e
leg pair (fore-, mid- and hindlegs) within each species. é@\ 6\0* *é\ .@x‘?f ° \\)c?f
. . & ’ZrQ’O ((/Q\e < @\\(o ¥
Scanning electron microscopy < K
Pretarsi of flies, fixed in 70% ethanol, were dehydrated ii
ethanol, critical-point-dried, mounted on holders, sputter
coated with gold—palladium (10 nm) and examined in a Hitact 90x10°8
S-800 scanning electron microscope at 20kV. Measuremen o~ B
of setal tip area and setal density per 10®®were made from g 60X10°
digital pictures using AnalySIS 2.1 image-analysis software 5 |
(Soft-lmaging Software GmbH, Munster, Germany). The sete ©
tip areas were measured in a total of 120-150 tenent setae fr( § 30x103
two insects for each species. The density of tenent setae w %
averaged for 20-60 selected pulvillar areas in each species. o . % | = | 52 1 |
Data processing & §® é\\’@ . & »&9& oe}\'b
ANOVA was used to estimate differences between specie 66’0 Q,@é\ \6*\ <<>\6 g’é‘ 40\\)
. : ) o R S
according to particular variables. If the raw data were no R K

normally distributed, Kruskal-Wallis one-way ANOVA on

ranks was used. To calculate dependencies between differd™ig. 2. Body mass (A) and area of a single pulvillus (B) for each
variables measured, linear models were applied. The ANOV,SPecies. Values are means sib. (n=10 per speciesN=3-11
statistics F) were also estimated for the regressions. Fhe dePending on species, see Materials and methods).

test statistic assesses the contribution of the independe
variable in predicting the dependent variable. It is the ratic o
between the regression variation from the dependent variable Friction force

mean and the residual variation about the regression line. TheThe acceleration at which an insect loses contact with the
P-value is the probability of being wrong in concluding thatsurface is hereafter termed ‘acceleration’. This value was
there is an association between the dependent and independ@gifificantly different among species studied (one-way ANOVA
variables. The smaller tifevalue, the greater is the probability On speciesF=91.31,P<0.001). The acceleratian(ms?) was

that there is an association. We have concluded that tfggeater in representatives of lighter species. It was related to the

independent variable could be used to predict the dependdifdy massm as a=217.9-0.9m (linear regressionf=7.50,
variable wherP<0.05. P=0.010, one-way ANOVA) (Figs 4A, 5A). Friction forde

(mN), which is the resistance force of the insect mass to the sum
of centrifugal and tangential forces, was also significantly
Results different among species studied (one-way ANOVA on species:
Body mass and pulvillus area F=19.32,P<0.001). Friction was greater in heavier insects, such
In the series of specieB. angustatusS. scripta Ep.  asEr. tenax M. floreaandV. pellucengFigs 4B, 5B). It was
balteatus Er. tenax M. floreaandV. pellucensbody massn  related to the body mass as F=0.601+0.01fn (linear
(mg) increased from 4.8 to 164.0mg (Fig. 2A). OnlyregressionE=39.34,P<0.001, one-way ANOVA). Acceleration
representatives of two specidsdr(tenaxandM. floreg were  data show that, although lighter species generated lower friction
similar in body mass. All other species differed significantlyforces, the ratio of friction force to the body mass is greater in
from each other (one-way ANOVA on specids:=89.14, smaller species. In other words, lighter species demonstrated
P<0.001). Although the area of a single pulvill8s (um?)  relatively higher attachment ability.
correlates with an increased body mass (linear regression: The acceleration averaged for all trials with one species was
$1=10356-286m, F=40.00,P<0.001, one-way ANOVA), the 2-6 times lower than its maximal value for each species
heaviest specie¥( pellucenghas significantly smaller pulvilli ~ (Fig. 4A). A similar relationship was also obtained for friction
than Er. tenaxand M. florea (one-way ANOVA: F=14.29, force (Fig. 4B). The relative difference between the average
P=0.001;F=24.48,P=0.001, respectively) (Figs 2, 3). measured friction forcEave(mN) and the maximum measured
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B

Fig. 3. Wholemounts of pretarsi of the species studied. Such preparations were used to quantify the area of a singReuuliviBssndicate
measured areas (ma). Insets show the species used. cl, claw; pu, pulvillus; ta, terminal tarsomereurihec&@Obar applies to all
micrographs, whereas the 5mm scale bar applies to all fly inset®ldfycheirus angustatugB) Sphaerophoria scripta(C) Episyrphus
balteatus (D) Volucella pellucengE) Eristalis tenax (F) Myathropa florea

friction force Fm (MN) was smaller in heavier insects surface characteristics of the attachment devices may
[AF=64.740-0.129n, wherem is mass andF=100FavdFm); contribute to differences in friction in the species studied.
F=15.580,P<0.001, one-way ANOVA]. A similar relationship Two variables of the pulvillus surface were also quantified: (i)
was found for the acceleration data. setal density and (ii) the area of the setal tip. Data obtained
from scanning electron microscopy (Fig.8) revealed
Relationship between pulvillus area and friction force  sjgnificant differences in setal size and density among species
There was significant relationship between body nmss (one-way ANOVA on species: setal tip arelg=489.50,
and the area of a single pulvilluS: (linear regression: P<0.001; densityF=67.55,P<0.001). Setal tip area increased
$1=10356-286m, F=40.00,P<0.001, one-way ANOVA) (see and setal density slightly decreased with increased body mass.
Fig. 7A). Since, in general, pulvillus area is larger and frictionThere was a significant relationship between setal tip Qrea
force is higher in heavier animals, it has been suggested th@m?) or setal densityd (the number of setae in 10Q62)
heavier animals generate higher friction force as a result ofand increased body mas$§=2.608+0.018), F=543.30,
larger area in contact with the substratum. The measurd®k0.001; D=109.1-0.331Im, F=64.73, P<0.001, one-way
acceleration does not depend clearly on the pulvillus areAaNOVA) (Fig. 9A,B). At the same time, setal density was
(Fig. 6A,C), whereas the friction force increased linearly withcorrelated with setal tip area. With an increase in setal tip area,
an increase in attachment area (Figs 6B,D, 7B). setal density decreased significantlip=(51.37+18.54%,
F=25.51,P<0.01, one-way ANOVA) (Fig. 9C).
Surface characteristics of pulvilli
Given that the friction force is dependent on the area of real Lateral tenacity
contact between two surfaces, it is possible that different Tenacity is the adhesive force per unit apparent contact area



1426 S. CorB, E. GorB AND V. KASTNER

1000 700
A A
@; 8001 600" | Platycheirus
£ % 5001
s 6007 3 400 s | Shaemophoria
B 400 IS Episyrphus , Eristalis
§ T 300+ Myathropa
S 200- B 2004 Volucella
Q
2 .
0+ < 1001 o B3
v\\é’@ & @09 ‘ é‘é}\% \\Q@ 0@\% 0 ' ' I\_,/
& & & F 0 50 100 150 200
Q\{b' ’O'Q’ R <
K
25
70 <> Myathropa B
= 607 B g 201 platycheirus VO|L.J_93||a
E 501 = 7o Eristalis-/ &
@ @ 151 [Sphaeophori
g 40 1 §
= %] 5 © i o s/
S 20 kS o N L. S
II L e e
107 Episyrphus
0 -
o . &l o T T T
& &S F & 50 100 150 200
C ) & > S
Q\'Z§ @QJ@ ({/Q\(o < S S Body mass ()
9

Fig. 5. Acceleration (A) and friction force (Bersusbody mass for
Fig. 4. Acceleration (A) and friction force (B) of the fly species.€ach specimen studied.
Filled columns give maximum values; open columns give means
s.D. (=10 per species\=3-11 depending on species, see Materials
and methods). Discussion

In a previous study, the vertical attachment forces (adhesive
between two surfaces. Since, for syrphid pulvilli, friction forcecomponents) of ants measured with a centrifugal apparatus
is mediated by adhesion, the lateral tenacity of pulvlii, were significantly greater than those measured with a strain-
(uN pm2), was calculated. This represents the friction férce gauge force transducer (Federle et al., 2000). This result has
per unit apparent contact amgxF/12S1, whereS is area of a  been explained by the fact that tethered insects generally
single pulvillus. The value af ranged from 0.015 to 0.03&N continued to move during the strain-gauge measurements and
um=2 in the species studied and was dependent on the bodwly rarely were all six legs simultaneously in contact with the
mass (Fig. 10A). Howeverp was not dependent on pulvillus surface. Therefore, the centrifugal method was chosen in the
area (Fig. 10B). present study to compare attachment abilities of syrphid flies.

However, pulvillus area is not the same as the real area of

contact. The real area of contact directly influences the adhesive Adhesion-mediated friction
and frictional forces. The real contact ar8a(um?) was In our experimental design, the horizontal force resisted by
evaluated as the aggregate area of all setae on all pulvithe insect during drum rotation was measured. This situation
S=12DSS, whereD is the density of tenent setae pgin®2, S;  is more closely related to the situation when an insect walks
is area of a single pulvillus jtm?, andS is the area of the single on a vertical wall, and is not comparable with the situation
setal tip inum2. There was no significant relationship betweenwhen an insect walks under a horizontal surface because of the
S and body massS=38.02+0.98, F=2.36,P=0.20, one-way different directions of the forces acting on the insect. In the
ANOVA) (Fig. 11A). The lateral tenacity of pulvillus material, latter situation, the insect’s weight acts in a direction more-or-
Tm (UNpmM™2), was also calculated. Since the calculated redess perpendicular to the surface, and adhesion is the main
contact area was 3-5 times smaller than the area of apparepntributor to insect attachment. In our experimental situation,
contact (pulvillus areaym was greater tharp. Tm ranged from  an insect resisted the force acting to move it in a direction
0.06-0.13N um~2in the species studied and was not dependergarallel to the surface. The insect is able to resist this external
on body masst{=0.10-0.0002n, F=0.48, P=0.53, one-way force because of the friction between its attachment pads and
ANOVA) (Fig. 11B). the substratum.
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six species studied. (A) Linear regressio§=10356-286m, F=40.00, P<0.001, one-way ANOVA. (B) Linear regression:

F=1.379+2.20%1074S;, F=32.87,P=0.005, one-way ANOVA. Values are means.cz (=10 per speciesy=3-11 depending on species, see

Materials and methods). PJatycheirus angustatu®, Sphaerophoria scripta3, Episyrphus balteatyst, Eristalis tenax 5, Myathropa florea
6, Volucella pellucens
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Fig. 8. Tenent setae of the species studied. Such images were used to quantify setal density and the area of the ddiphtigcalecbar
applies to all micrographs, whereas the 5mm scale bar applies to all fly inseé®at{fgheirus angustatugB) Sphaerophoria scripta(C)
Episyrphus balteatugD) Volucella pellucens(E) Eristalis tenax (F) Myathropa florea

Factors such as the proximity of two surfaces, the thicknegs the surface (Bauchhenss, 1979). Attachment under a
of the fluid layer between the surfaces, surface chemistry arbrizontal surface is mediated mainly by adhesive forces;
fluid viscosity will contribute to the adhesion force. The finethese have been measured only for two insect species
structure of the adhesive setae in syrphid flies has begrossessing setose attachment pads: the calliphorid fly
reported previously for the flgpisyrphus balteatu¢Gorb,  Calliphora vomitoria(2.4 mN) (Walker et al., 1985) and the
1998b), whose setae (acanthae) are hollow, with somepccinellid beetleEpilachna vigintioctomaculatg2.9 mN)
containing pores under the end plate. These pores presumaliishii, 1987). Given that the pad material is designed to
allow the adhesive secretion to pass directly to the contadeliver secretion continuously to the contact area and that
area. Porous canals, located at the base of the shaft, reporéethesive forces are involved in holding an insect under a
in other flies, are also involved in the transport of secretionsurface, we might expect that adhesive forces will contribute
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to the friction force (Rabinowicz, 1995) when an insect walks 180
on a vertical surface. Such adhesion-mediated friction cant | 160/ A
relatively high, so that surfaces with fluid between then £ 140
demonstrate a friction coefficient greater than 1. In the 8 2
present study, in different species of syrphid fly, we measure % 1201
friction coefficients ranging from 7 to 35, supporting a role g 100 * 3 4 {
for adhesion-mediated friction. Friction between the fly 2 804 *5
attachment system and a smooth surface is eight times grea g 60-+
than adhesion (Walker et al., 1985). If we assume that th B 401 1 { 6
relationship is similar among various fly species, the expecte A 20
adhesive properties of the pad material can be calculated f 0 . . .
species in the present study. 0 50 100 150 200
In the case of friction, the mechanical properties of ¢ Body mass (mg)
material may also contribute to the overall attachment force
The material of the fly pulvillus is soft; the membranous cuticle 8
of setose pads is a fibrous composite material in which tk 7 B
fibres are not densely distributed. In Coleoptera, the setal bas <
are embedded in this material, providing high mobility of setau 5 61 6
and thus adaptability to a variety of surface profiles (Beutel an o 57
Gorb, 2000). The setae or setal ends are also composed of E 4_{ 1
extremely flexible material. Among setose attachment system 8 3 4 { § 5
the flexible nature of setae has been demonstrated only f g 3 {
beetles, using Mallory’s single stain (Stork, 1983), which z 21 iz
stains tanned and untanned cuticle differently. 11
Scale effects on the surface microsculpture 0 0 20 100 150 200
Scale effects on the surface microsculpture have bee Body mass (mg)
reported previously in other insect attachment systems. Tt
size and density of the seta-like hooks that couple the fore 180
and hindwing in Hymenoptera are dependent on animal siz ~ 1601 C
(Schneider and Schill, 1978). Scale effects have bee £ ”
reported for the microtrichia in different frictional devices of § 140
insects, such as the beetle elytra-to-body locking devic S 1201
(Gorb, 1998a) and fly armoured membranes (Gorb, 1997). | ’g 1004 3 4
the beetle wing-locking device, a fivefold increase in body >  80;
size results in an increase in both the length (up to fourfold % 601 5T1 6
and the width (up to 2.3-fold) of microtrichia and a decreas: ; 10. »—{—«
in their density (up to fivefold). The dependence of the lengt 3
and width of microtrichia on beetle size was linear, wherea 201
that of microtrichial density was logarithmic. Among the fly 00 > 7 5 8

species studied, the surface microsculpture (the area of tl
setal tip and setal density) varied significantly: larger flies

Area d setal tip (um?)

have a lower setal density and larger setal tip areaFig. 9. (A) Setal densit versusbody massn. (B) Setal tip are&
Therefore, the area of the setal tip correlated negatively witversusbody massn. (C) Dependence of setal dendityon the area

of the setal tipS. Values are means &p. (n=10 per species,
N=3-11 depending on species, see Materials and methods).
1, Platycheirus angustaty®, Sphaerophoria scripta3, Episyrphus
balteatus 4, Eristalis tenax 5, Myathropa florea 6, Volucella
pellucens

setal density.

Frictional properties of the pad material

The most interesting finding of this study is that the
frictional properties of the material of the setal tips are no
dependent on the dimensions of the fly species. In other worc
frictional forces generated by the surface unit of the pulvilluyariations in real contact area generated by the pad. Real
are similar among the species studied (Fig. 10). The sanmm®ntact area is the sum of the areas of the broadened setal tips
result was obtained for the material of the setal tip (Fig. 11)of the pad in contact with the surface. Real contact area
Thus, the adhesive properties of the secretion and th#epends on the overall pad area, setal density and the area of
mechanical properties of the setal tip material vary little, an@ single setal tip. Although these variables vary among animals
differences in friction force must therefore mainly relate towith different dimensions, the smaller setal tip area is
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Fig. 11. (A) Real contact ared of all setae in a single pulvillus
versusbody masam. Linear regression§=3.186+0.07, F=2.36,
Fig. 10. Lateral tenacity of the fly pulvillus. (A) Lateral tenacity P=0.199, one-way ANOVA. (B) Lateral tenacity of the fly setae
of the pulvillus Tp versus body massm. Linear regression: Versusbody massm. Linear regressionim=0.100-1.550<10"m,
1p=0.025+6.35%10°m, F=0.01, P=0.923, one-way ANOVA. F=47.65,P=0.528, one-way ANOVA.rt=10 per speciesN=3-11
(B) Lateral tenacityrp versuspulvillus area $ Linear regression: depending on species, see Materials and method&)atycheirus
1p=0.029-1.380x10°6S;, F=1.03, P=0.367, one-way ANOVA. angustatus 2, Sphaerophoria scripta3, Episyrphus balteatys
Values are means £p. (n=10 per specied\=3-11 depending on 4, Eristalis tenax5, Myathropa florea6, Volucella pellucens
species, see Materials and methods)Plhtycheirus angustatys
2, Sphaerophoria scripta3, Episyrphus balteatudt, Eristalis tenax
5, Myathropa florea6, Volucella pellucens

Area d single pulvillus (m?)

a further increase in pulvillus area could cause problems with
the operation of a large attachment area so that a smaller
number of setae would be able to make contact with the
compensated for by a higher setal density in the smaller specigsbstratum. Data obtained from force measurements on a
(Fig. 9C). single hair of the gecko attachment pad support this suggestion:
the attachment force of a single hair is greater than the force
Scale effects on friction force recalculated from measurements on a complete gecko foot
Although heavier species demonstrated higher frictiofAutumn et al., 2000).
forces (Fig. 4B), the ratio of friction force to body mass was

significantly higher in the smallest specid®. @ngustatus M. Mondon (Institute of Physics, University of
36.16+18.12 mN mg, N=6) compared with the largest speciesKaiserslautern, Germany) helped with contact angle
(V. pellucens 6.29+1.56 MmN mg!, N=5) (means *sbD.; measurements. Valuable discussions with Dr Y. Jiao, S.

F=13.27,P=0.005, one-way ANOVA). The other four species Niederegger (MPIl of Developmental Biology, Tibingen,
had ratios intermediate between these two values. FrictioBermany), Dr M. Scherge (llmenau Technical University,
force increases with an increase in pulvillus area (Figs 6B,0zermany) and Dr W. Federle (Wurzburg University,
7B). However, the largest species does not have the larggsermany) are greatly acknowledged. Two anonymous
pulvilli. Possibly, there are some design constraints on a furtheeviewers helped to improve an early version of the
increase in the pad area. Since a twofold increase in pulvillusanuscript. TETRA GmbH (llmenau, Germany) contributed
area results in a 1.5-fold increase in friction force (from 10 tdo the design of the centrifuge tester. This work is supported
15mN), it seems that a further increase in pulvillus area dodsy the Federal Ministry of Education, Science and
not improve attachment ability. A possible explanation is thalT echnology, Germany, to S.G. (project BioFuture 0311851).
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