Article

Chinese Science Bulletin

Bionic Engineering

March 2011  Vol.56 No.8: 789—795
doi: 10.1007/s11434-010-4162-8

Role of locust Locusta migratoria manilensis claws and pads in

attaching to substrates

WANG LiXin, ZHOU Qiang” & XU ShuYan

Department of Mechatronic Engineering, China Agricultural University, Beijing 100083, China

Received April 28, 2010; accepted August 4, 2010; published online December 1, 2010

The present study attempts to investigate the role of rigid claws and smooth adhesive pads in the locust Locusta migratoria
manilensis, when attaching to various substrates. We measured the attachment forces on sandpaper and silicate glass plate of lo-
custs with intact attachment system, and those with either the pretarsal claws or the tarsal pads having been entirely destroyed, to
explore the role of pads and claws when a locust is walking on various substrates. To obtain information about morphological
characteristics and material properties of the claws, we examined the intact and fractured claws by scanning electron microscopy,
and tested the fractural force in a fracture experiment. We proposed a mechanical model for locust climbing on a slanting surface
to analyze the conduction and final result of the attachment forces generated by the attachment organs on the fore-, mid- and
hindlegs. Attachment forces generated by locusts with destroyed pads were similar to those generated by locusts with intact at-
tachment system on both substrates, which presumably indicated that the claws have a significantly important role when attaching
to various substrates. The result of the fracture experiment demonstrated that the claws are made of relatively stiff material, and
their shear strength ranged between 39—45 MPa. Mechanical analysis of locust climbing on slanting surface showed that the force
generated by the hindlegs suspended the whole body of locust up from the surface and pushed the body forward, while the
midlegs steadily suspended the centre of gravity and the forelegs pulled the suspended body forward. The results obtained con-
tribute to the further interpretation of the interaction mechanisms between insect attachment system and substrates, and supply

information for designing and manufacturing slippery plates for trapping plague locusts.
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In the course of biological evolution, insects have optimized
their attachment organs to adapt to various substrates. Two
distinguishable mechanisms, namely mechanical interlock
and adhesive attachment, have developed to serve the func-
tions of walking, jumping and climbing on a diverse range
of substrates [1,2]. The first mechanism is generated by
rigid claws interacting with surface irregularities of macro-
scopically rough substrates [3]; the second involves adhe-
sive pads, including hairy adhesive structures and smooth
flexible pads, to maximize the contact area and guarantee
the acquisition of attachment force on smooth surfaces [4].
It has been previously demonstrated that insects can stand
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or move on vertical substrates using their claws to generate
mechanical interlock, when the diameter of macroscopic
surface irregularities is much larger than the diameter of the
claw tip [5-7]. In this case, insects generally use the surface
irregularities as solid anchorage points for their claws to
grasp. When the surface roughness is comparable with, or
smaller than the claw tip diameter, no effective anchorage
site can be provided to generate the mechanical interlock.
For reliable attachment to smooth surfaces, the majority of
insects have evolved specialized tarsal devices namely ad-
hesive pads, whose function depends on two different
mechanisms: hairy adaptable structures and smooth flexible
pads [8]. Hairy pads, of insects such as flies and beetles,
consist of relatively long deformable setae, which can bend
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freely and form independent contacts with substrates at nu-
merous points [9,10]. The other type of insect pads, occur-
ring in ants and grasshoppers, are covered by rather soft
deformable structures with an extremely flexible cuticle
[10-12]. Regardless of the discriminations in such micro-
structures, both hairy pads and smooth pads duplicate the
unevenness of the surface profile at different scales to
guarantee a maximum real contact area, and thus achieve
sufficient attachment force [9,12,13]. Measurements of the
friction force of insects on polishing papers and other artifi-
cial surfaces have demonstrated that the microscopic
roughness alone can minimize insect attachment, and a cor-
relative model showed that surface roughness with a certain
scale can prevent adhesion by restricting pads but not claws
[13]. Therefore, insects depend on claws to generate me-
chanical interlock and pads to cause flexible attachment for
walking or standing freely on substrates.

The locust bears smooth adaptable pads and rigid claws,
and can attach to a variety of substrates during walking,
standing and jumping using similar attachment mechanisms
as the other insects. Previous experimental studies have
demonstrated many interesting phenomena about locust
pads, including the mechanism of its attachment to sub-
strates, the chemical composition and physical properties of
its secretions, and the measurement of adhesion force gen-
erated by the pads on substrates [14-17]. However, the
claws are more important when locust is standing or walk-
ing especially on macroscopically rough surfaces. In the
present study, experiments were designed and conducted to
investigate which part of the locust attachment system has a
more important role when attaching to various substrates.
Information on material properties and morphological char-
acteristics of locust claws was obtained by a fracture ex-
periment and SEM examination. We also proposed a me-
chanical model to analyze the conduction and final result of
the attachment forces generated by attachment organs in the
fore-, mid- and hindlegs. Results obtained from these ap-
proaches will contribute to the further interpretation of the
interaction mechanisms between the insect attachment sys-
tem and substrates, and supply information for designing
and manufacturing slippery plates for trapping plague lo-
custs.

1 Experimental methods
1.1 Locusts and surfaces used in experiments

Male and female (about 50:50) imagines of the locust Lo-
custa migratoria manilensis were used in measuring the
attachment forces on different substrates. These locusts
were acquired commercially from Cangzhou, Hebei Prov-
ince and selected for similarity in size (values are means+
S.D., male: length=38.65+£1.87 mm, female: 48.92+2.09
mm, N=30) and weight (male: mass=1.13+0.11 g, female:
mass=1.92+0.21 g, N=30). Pads of one third of the locusts
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were very cautiously destroyed with a razor blade, the claws
of another third of the locusts were carefully cut with shear
cutters, and the remaining locusts were left with an intact
attachment system. Males and females of the treated locusts
were kept in separate cages with sufficient food (various
grass species) for more than 5 d before the force measure-
ment experiments to ensure complete recovery. The tem-
perature and humidity of the cages were maintained at
25-30°C, and 35%—-50%, respectively.

The silicate glass plate and sandpaper (being covered by
Al,O3) used for the attachment force measurement experi-
ment were obtained from the market in Beijing. Data of
surface roughness (glass: R,=0.01 pm; sandpaper: R,=8.50
pm) were acquired from the supplier.

1.2 Attachment force measurement of treated locusts
on substrates

Attachment force measurement experiments with locusts
(including those with intact attachment systems, those with
claws being cut entirely and those with pads being de-
stroyed completely) were carried out to explore the influ-
ence of claws and pads on locust attachment to the sub-
strates. To measure the attachment force, a force sensor
(load cell force transducer, 1-PW4C3, 300 g capacity; Hot-
tinger Baldwin Measurement Co., Ltd, Suzhou, China) was
utilized. This was fixed on a stand connected to a platform
(Figure 1(a)). The force sensor was connected to a signal
conditioning system, a computer-based data-acquisition sys-
tem, and a data processing and displaying software. The
sampling frequency could be adjusted by the software, and
was set at 10 Hz in this experiment.

Prior to experiment, the experimental locusts were made
incapable of flying by cutting their wings off. Sandpaper
and silicate glass plate (each 10 cmx16 cm) were connected
with double-sided adhesive tape to the platform. Following
a similar method previously introduced in detail [18], the
experimental locust was attached to the force sensor (along
the load direction) using a thin thread (about 10 cm long)
fastened to the locust neck, and then was put on the sub-
strate. To make the force sensor precisely obtain the infor-
mation of the locust attachment force, the height of the
force sensor was adjusted so the thin thread was horizontal
to the platform. Also, the position of the locust was adjusted
and controlled so the thread lay precisely along the load
direction (perpendicular to the load point) of the force sen-
sor. The attachment force we measured was the force gener-
ated when the locust was desperately crawling away from
the force sensor over the substrate. Force-time curves,
which were generated by the data processing system, show
changes in the force in real-time (Figure 1(b), (c)). For each
measuring experiment, the value of maximal attachment
force could be acquired by the data processing software and
displayed on the screen. For all groups of locusts, eight
samples with two repetitions per individual were conducted.
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Figure 1 System for measurement of attachment force of locusts on
substrates (a); typical attachment force-time curves on sandpaper (b) and
on silicate glass plate (c) showing real time changes of attachment force.
The system consists of a platform covered by substrates being tested, a
force sensor, a signal conditioning system, and a computer-based data-
acquisition and processing system.

All the experiments were carried out under the ambient
conditions: temperature about 28°C, relative humidity about
45%.

1.3 Fracture experiment of locust claw tips

Fracture experiments using locust claws from the fore-,
mid- and hindlegs were carried out to investigate the maxi-
mum force at which the claw tip fractured. Freshly cut
claws from locusts were glued to an alloy block. The block
was then put on the platform of the attachment force meas-
urement system (Figure 1(a)). The height of force sensor
was adjusted to line up the claw tip and the sensor’s load
point. The alloy block was pushed towards the force sensor
very slowly and carefully until the tip fractured. A similar
method was introduced previously by Dai et al. [7]. The
sampling frequency was set at 10 Hz by adjusting the data
processing and displaying software. The force-time curves
(Figure 2) and the maximum force were obtained by same
method as described above. Twelve claws from the fore-,
mid- and hindlegs of locusts were tested.
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Figure 2 Typical force-time curve obtained in the claw fracture experi-
ment used to evaluate the breaking stress of the claw.

1.4 Morphology studies of locust attachment system

To examine the morphologies and structures of locust at-
tachment system, as well as calculate the section area of the
fractured claws, intact attachment organs and the fractured
claws obtained from the fracture experiment were air-dried
for several days. They were then glued with conductive
carbon double-side adhesive tape to alloy blocks, sputter-
coated with gold-palladium (about 10 nm) (Bal-Tec SCD
005 Sputter Coater; 25 mA, 300 s; Balzers, Switzerland)
and examined with SEM (Hitachi S-3400N, 20 kV: Hitachi,
Japan). The section area of the fractured claws was acquired
with the image processing software belonging to the SEM
equipment.

2 Results

2.1 Attachment forces generated by treated locusts on
the substrates

Values of the maximal attachment force generated by the
treated locusts exhibited significant differences among the
different treatment methods and the substrates used in this
experiment (Figure 3). The effect of treatment methods on
locust performances was the most significant. Compared
with the attachment force generated by locusts with intact
attachment system on sandpaper or the silicate glass plate,
the force provided by locusts with pads being completely
destroyed presented slightly lower (about 250 mN lower on
the sandpaper, and 70 mN lower on the silicate glass plate),
while the force caused by locusts with all their claws re-
moved exhibited significantly lower values (about 850 mN
lower on the sandpaper, and 200 mN lower on the silicate
glass plate). Without consideration of the treatment methods,
the attachment force generated on sandpaper was distinc-
tively higher (presumably about 2-3 times) than the force
caused on the silicate glass plate. On both of the substrates,
there was no obvious difference between the values of at-
tachment force provided by male and female locusts.
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Figure 3 Maximal attachment forces generated by locusts with different
treatments on different substrates.

Generally, on the two plates, male locusts with intact at-
tachment system possessed the greatest attachment force
(values are means+S.D., 1544.6+141.5 mN on the sandpa-
per and 549.6+50.8 mN on the silicate glass plate, n=16),
while the female locusts with all claws being cut had the
lowest attachment force (613.4+70.5 mN on sandpaper and
308.9+ 22.4 mN on the silicate glass plate, n=16).

2.2 Fracture force of the claw tips

The fracture force of locust claws obtained from the fracture
experiment was used to calculate the shear strength of the
claw tips. During the fracture test, the claw was pushed to
the force sensor carefully and slowly, so that the load in-
creased almost linearly, then suddenly decreased to almost
zero when the claw fractured. Values of the fracture force
were significantly different among claws from different legs
(Table 1). Claws from the forelegs had the greatest values
for the fracture force (198.6+12.4 mN), while claws from
the midlegs had the smallest values (176.5£13.6 mN).
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Table 1 Fracture force of locust claws from the fore-, mid- and hindlegs
of locusts”

Forelegs Midlegs Hindlegs

Fracture force (mN)  198.6+12.4 176.5+13.2 190.3x13.6

a) Values are means=S.D., n=12.

2.3 SEM examinations of locust attachment system
morphology

The attachment system which is situated at the end of the
locust’s fore-, mid- and hindlegs, mainly consists of two
segments, the tarsus and the pretarsus (Figure 4(a)). The
pretarsus bears two rigid, cured ventrally claws and a com-
pliant pad called the arolium (Figure 4(b)), which can adjust
the angle formed by the two claws. The tarsus possesses
four smooth adhesive pads, which are integrated as com-
plete structure at the bottom of the tarsus (Figure 4(c)). This
structure of smooth pads is propitious for closely replicating
the microstructure of substrates and results in significant
increase of real contact area. Several setae are sparsely dis-
tributed on the surface of both the laws and the pads (Figure
4(b), (¢)). There is no obvious difference in the width of the
pads, between the fore-, mid- or hindlegs or between
maleand female locusts. However, the length of pads ap-
pears to differ among legs and genders (Table 2).

The section area of fractured claws from the fore-, mid-
and hindlegs, which are used to calculate the shear strength
of the claw tip, were obtained from the SEM images. The
section areas show obvious discrimination (Table 3), which
presumably results from the fracture positions. The inner
structure of the claws in the fore-, mid- and hindlegs con-
sists of two main parts: (1) the exocuticle, which a thickness
of 28.59+6.10 um (N=2, n=8), and (2) the endocuticle,
32.47+ 4.57 pm thick (N=2, n=10) (Figure 4(d)). The exocu-
ticle is a relatively thick layer consisting of significantly

Figure 4 Attachment organs (from male, hindleg) of Locusta migratoria manilensis. (a) General structure of a hindleg. The fore- and midlegs possess
similar structures, but differ significantly in geometrical dimensions; (b) SEM image of pretarsus. Fp stands for the fracture position on the claw tips in the
fracture experiment; (c) SEM image of pad from tarsus; (d) SEM image of the fractured claw in the cross plane.
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dense material, whereas the endocuticle is composed of
thicker lamellae and is not densely packed. Unlike the claw
structures of the beetle Pachnoda marginata, no central
lumen was seen in the inner structure of locust claws [7].

2.4 Calculating the shear strength of claw tips

The shear strength of claw tip from the fore-, mid- and
hindlegs can be calculated from the fracture force (Table 1)
and the section area of fractured claws (Table 3) with the
following formula:

z-malx = F/A’ (1)

where 7., is the maximal shear strength of claw tip, and F
stands for the fracture force, and A is the section area of frac-
tured claw. Results of these calculations showed that claws in
the forelegs possessed the greatest shear strength (45.2 N
mm %), whereas claws in the midlegs exhibited similar value
(39.8 N mm™) to those in the hindlegs (40.2 N mm™).

3 Discussion

Based on our results concerning the attachment force of
locusts with an intact attachment system, and with pads or
claws being destroyed, as well as the shear strength of the
claw tip, we contend that the claws in the locust attachment
system play a more important role during standing or walk-
ing on substrates than do the pads. From our observations of
locust walking behavior on substrates, we proposed a me-
chanical model for analyzing the conduction of attachment
force to further the more important role of claws.

3.1 Role of pad and claw in the attachment force of
locust

In insects, attachment pads are responsible for contact for-
mation on diverse natural substrates. These possess a re-
markable degree of deformability, having an extremely

Table 2 Geometrical dimensions of locust pads®

Forelegs Midlegs Hindlegs
Male
Length 2.293+0.201 3.204+0.121 4.657+0.154
Width 1.203+0.092 1.225+0.061 1.307+0.064
Female
Length 2.932+0.097 3.326+0.156 4.725+0.214
Width 1.209+0.042 1.230+0.038 1.309+0.036

a) Values are means=S.D., unit: mm, N=6, n=20.

Table 3 Sectional area of fractured claws in the fore-, mid- and hindlegs
of locusts”

Foreleg
4398.1+477.1

a) Values are means=S.D., N=6, n=12.

Midleg Hindleg
4432.7+438.4  4730.1x462.0

Sectional area (um?)
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flexible cuticle or long deformable setae and the pressure
derived from the insect weight contributes to the contact
formation [19,20]. Claws with rigid tips can grasp surface
irregularities of substrata to form mechanical interlock, so
sufficient force is required for standing or walking on the
surface. In this case, claws are usually controlled by the
retractor action of a single muscle situated in the inner
structure of insect legs. Muscle contraction leads to the
formation of the mechanical interlock between claw and
substrate [21]. Generally, adhesive pads and rigid claws are
the two crucial structures by which insects acquire sufficient
attachment force for effective locomotion on a diverse range
of plant surfaces. Because plant surfaces exhibit a wide
range of architectures, such as hairy, smooth or covered
with wax crystals and moist secretions, the claws and pads
may have different roles during the attachment process. It
has been previously reported that insects depend on their
claws to obtain enough attachment force only on very rough
surface [7,22], while on very smooth surfaces, pads with
flexible cuticle provided the adhesive force by closely du-
plicating the substrate texture [23,24]. The attachment force
measurement results of the treated locusts suggest that
claws contribute much more to the attachment, even on
rather smooth substrates.

On sandpaper bearing great surface roughness (R,=8.50
pm), locust claws can grasp the surface irregularities stead-
ily and the mechanical interlock generated provides ade-
quate attachment force. The attachment force values gener-
ated by locusts with pads being completely destroyed are
similar to those generated by locusts with intact attachment
organs (Figure 3). This presumably demonstrates that the
pads only slightly influence the attachment force. When the
claws were entirely cut, the attachment forces are smaller
(Figure 3), indicating that the claw is a significant factor
contributing to the attachment force. On the silicate glass
plate (R,=0.01 pm), compared with the attachment force
supplied by locusts bearing intact attachment system, simi-
lar and clearly lower values were also shown when pads or
claws were destroyed, respectively (Figure 3). In this situa-
tion, the four claws situated at the bottom of the hindleg’s
tibia (Figure 4(a)) interacted with the smooth surface to
form a steady plane (mostly consisting of four anchorage
points), which provided sufficient holding force to allow the
whole body of locust to suspend from the surface. Therefore,
a small lateral force can result in effective propulsive
movement. The lateral force is presumably provided by
pads in the forelegs, because the low surface roughness
cannot supply effective anchorage points for the claws to
generate mechanical interlock. Notably, attachment force of
the treated locusts on sandpaper is significantly greater
(about 2-3 times) than on the silicate glass plate, which may
indicate that a surface with macroscopic roughness allow
the locust claws obtain greater attachment force via the
mechanical interlock. It can be concluded in the locust at-
tachment system that the claws have a more important role
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when standing and walking on rough and smooth substrates,
and the pads perform a supplementary function. This sup-
plementary function of pads may become more significant
when the locust attaches to rather smooth surfaces.

3.2 Shear strength of claw tips

Previous studies have measured the bending strength of claws
in the beetle Pachnoda marginata [7], as well as that of ar-
thropod arthrodial membranes and the solid cuticle of scleri-
tes [25]. The bending stress of the beetle claws was evaluated
at 143.4 N mm™> when taking into account both exocuticle
and endocuticle layers of the claw’s inner structures, and the
breaking stress was calculated to be 684.2 N mm™ if only
considering the endocuticle layer. The bending stress of the
solid cuticle of sclerites from arthropods was about 78.5+
11.7 N mm™, which is approximately five times greater
than in arthrodial membranes (15.6 N mm™2). In our ex-
periment, the greatest, intermediate and relatively smallest
shear strength of claw tips was calculated to be 45.2
N mm in the foreleg, 40.2 N mm™ in the hindleg, and 39.8
N mm™ in the midleg, respectively. These values of shear
strength seem lower than the material stress of claws in the
beetle Pachnoda marginata, but much higher than those of
a diverse range of plant surfaces. The rather high mechani-
cal stress of the claws presumably permits the tips to effec-
tively interact with the vast majority of plant surfaces, when
locusts are feeding or escaping from predators. The slightly
greater claw shear stress in the forelegs may indicate that
the forelegs have a more important role in the locust’s pro-
pulsive movement.

3.3 Mechanical model of locust climbing on slanting
substrate surface

When climbing on a slanting surface, the locust attaches to
the surface with its rigid claws generating mechanical in-
terlock and its smooth pads engendering adhesive attach-
ment to obtain sufficient force for standing or propulsive
movement. Anchorage and lateral force caused by the
hindlegs interacting with the substrate pushes forward the
whole body of the locust away from the surface. The
midlegs provide sustenance force to suspend the centre of
gravity steadily, and the forelegs interlock with the surface,
generating lateral force to pull the suspended body.

A mechanics model (Figure 5) was proposed to analyze
the conduction and final result of the forces generated by
the locust attachment organs. Three assumptions were made
for the mechanical model: (1) all the forces generated by lo-
cust attachment organs are finally transmitted to the locust’s
centre of gravity, (2) when the forces are transmitted through
the joints formed by the tibia-femur, femur-trochanter and
trochanter-coxa (Figure 4(a)), no transmission loss is gener-
ated, and (3) sustenance force provided by the forelegs and
lateral force generated by the midlegs were ignored.

Chinese Sci Bull

March (2011) Vol.56 No.8

Based on the above assumptions, in the direction along
the substrate, composition of these forces F is

F=F —N, cos(n— f)-Wsina, 2)
F=F +N, cos f—Wsina, 3)

when the locust starts walking from a resting state (force
equilibrium), cosf is below zero, so sufficient lateral force
Ff must first be generated by the locust forelegs to make the
F larger than zero. During our experiment, we observed that
a locust walking on the substrate enacted its forelegs first.
This interesting phenomenon probably confirms the above
analysis. N, serves two functions: supporting the weight of
the locust and increasing or decreasing the lateral force pro-
vided by the forelegs. Furthermore, when the angle S
changes from obtuse (about 150°) to 90°, N, serves the
function of reducing the resultant lateral force. When S
changes from 90° to acute (about 30°), N, has the role of
increasing the resultant lateral force. When locust rests on
the substrate, N,=0, and F;=0, therefore the locust must de-
pend on the friction force generated between the locust
body and the substrate to balance its weight.

In the direction perpendicular to the substrate, composi-
tion of these forces N is

N=N_ +N,sin(n - fB)-Wcosa, 4)
N=N_+N, sinf—Wcosa. (5)

Whatever the S changes (generally from obtuse to acute),
the sing is larger than zero, so part of the resultant suste-
nance force N is always provided by the N, which supple-
ments the N, provided by the locust’s midlegs. Relatively
lower shear strength of claw tips in the midlegs probably
indicate that the midlegs alone can not supply enough sus-

Fy

Figure 5 Mechanical model of locust climbing on slanting substrate. c,
slanting angle of the surface; f, contact angle between the hindleg and the
surface (f changed from obtuse (about 150°) at the start of a walking step
to acute (about 30°) at the end of a walking step); Fy, lateral force of the
locust foreleg received from the surface; Ny, sustenance force of the locust
midleg provided by the surface; Ny, the force generated by the locust
hindleg on the surface, the direction of N, is determined by observing the
behavior of the hindlegs when the locust is standing or walking on sub-
strate; W, weight of locust; D,, the direction along the slanting substrate;
Dg, the direction perpendicular to the slanting substrate.
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tenance force, and in this case, is supplemented by the sus-
tenance force provided by the hindlegs. The resultant suste-
nance force serves the function of suspending the centre of
locust gravity away from the substrate, so a small lateral
force can effectively result in propulsive movement.

In fact, during our experiments, observations of the ac-
tions of pads and claws in the fore-, mid- and hindlegs when
locust climbing on substrates showed that the four claws at
the bottom of the tibia on the hindlegs attached to the sub-
strate steadily, rather than the claws on the pretarsus or pads
in the tarsus. For the forelegs, it was mainly the two claws
on the pretarsus that interacted with the surface, and for the
midlegs, the claws on the pretarsus and most parts of the
pads on the tarsus attached to the substrate. These behaviors
presumably indicate that the hindlegs depend on the claws
of the tibia to generate N, and the midlegs use claws and
pads to provide Ny, In the forelegs, F is mainly caused by
the mechanical interlock of the claws on the pretarsus.
Therefore, locusts mainly depend on the claws in different
legs to obtain sufficient force for attachment to or locomo-
tion on various substrates.

4 Conclusions

In conclusion, the discrimination in the attachment force
between locusts with intact attachment system, and those
with entire pads on the tarsus or claws on the pretarsus de-
stroyed, strongly demonstrated that claws have a more im-
portant role in the walking and standing of locust, while
pads serve a supplementary function. The rather high shear
strength of locust claws allows the tips to interact with the
vast majority of plant surfaces, and sufficient lateral force
can be generated by the mechanical interlock of the claws.
Mechanical analyses of locusts walking on a slanting sur-
face showed that the force generated by the hindlegs can
suspend the whole body of the locust upward and push the
body forward, while the force provided by the midlegs
keeps the body away from surface. In this situation, even a
small pulling force, mainly supplied by claws on the fore-
legs, can effectively result in propulsive movement.
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