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Fig. 12. Resilin in the hind leg of flea beetlesbasedon fluorescencemicroscopy.The presence of resilin is indicated by the blue color. (A, B) Photographs taken
under the different filters: i, combined image of the photographs taken under the different filters; ii, DAPI filter (blue); iii, Alexa488 filter (green); iv, Cy5 filter (red). (A)
Modifiedmetafemoral extensor tendon ofPodagrica fuscicornis. (B) Femoro-tibial joint ofSphaeroderma testaceum. (C–H)Compression and extension of the resilin-
bearing extensor ligament in the femoro-tibial joint of the hind leg ofSphaeroderma testaceum (combined images taken under DAPI, Alexa488 and Cy5 filters). C–E:
the hind leg showing the different positions of the tibia: C, flexed; D, intermediate; E, extended. F–H: the region of the femoro-tibial joint of the corresponding
photograph inC–Eunder greatermagnification, showing the extensor ligament: F, extended;G, half-compressed;H, compressed. (I) SEMphotograph of the extensor
ligament in the femoro-tibial joint of the hind leg of Longitarsus pratensis. MET, metafemoral extensor tendon; TFS, tibial flexor sclerite.
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amounts to a factor of 5 (Fig. 13A). At the same time, the ratio of
arms of the mechanical extensor lever (L2 and L1) is about 1:25, so
that the value of the mechanical disadvantage of the extensor lever
amounts to a factor of 25 (Fig. 13A).

DISCUSSION
The role of the metafemoral extensor tendon in the jumping
mechanism
The morphology, functional role and phylogenetic relevance of the
MET (also known as the metafemoral spring, metafemoral apodeme
or Maulik’s organ) have been extensively studied for flea beetles,
tribe Alticini (Furth, 1980, 1982, 1988, 1989; Furth and Suzuki,
1990b, 1992, 1994, 1998; Furth et al., 1983; Schmitt, 2004; Betz
et al., 2007). It was proposed (see Introduction) that the MET is a
spring-like specialized structure for the storage of elastic strain
energy performed by its compression and dilation, resulting in a fast
extension of the tibia. However, we now suggest that the MET itself
cannot store large amounts of energy and work as a spring for the
following reasons: (1) the MET is composed of several layers of
fibers arranged in a cross-oriented direction (Fig. 8B), so that the
longitudinal fibers might prevent significant distortion or recoil in
the transverse direction and vice versa, and (2) the MET does not
contain resilin (Fig. 12A,B) and appears rigid and non-elastic upon
mechanical testing with forceps. The modification of the MET is a
peculiar feature in beetles that is exclusively found in jumping life
forms. Its peculiarly folded morphology (Fig. 7, 8A) can be
considered a compromise between the limited volume of the

metafemur and the demand to provide an increased surface area for
muscle attachment.

The role of the tibial flexor sclerite in the jumping
mechanism
The TFS or Lever’s triangular plate is a modification of the tibial
flexor tendon as found in Hemiptera, Neuroptera, Megaloptera,
Hymenoptera and Coleoptera (Furth and Suzuki, 1990a,b). The TFS
is found in both jumping and non-jumping Chrysomelidae.
Functional aspects of the TFS proposed by Furth and Suzuki
(1990a) and Gorb (1995) are: (1) strengthening of the base for the
flexor tendon; (2) increasing the working angle of the leg flexor
system; and (3) protection of the ventral side of the exposed femoro-
tibial joint.

Barth (1954), based on the studies of the flea beetle Homophoeta
sexnotata Harold 1876, and later Betz et al. (2007: figs 11, 12),
based on SR-µCT findings in Altica sp., proposed that the TFS may
serve as a key part of a catching mechanism preventing the
premature extension of the tibia during the co-contraction of both
the flexor and the extensor muscles. According to this model, the
catching mechanism might be accomplished by pressing the TFS
against the distal margin of the posterior femoral wall that forms an
abutment (Betz et al., 2007: figs 11 and 12E–G). Although in most
of our examined genera the TFS was placed far from the femoral
wall (Fig. 11E), it cannot be excluded that the TFS might at least in
some species function as a catch, which momentarily prevents the
extension of the tibia, whereas the co-contracting extensor and

Fig. 13. Leverage scheme in the femoro-tibial joint of the hind leg of a flea beetle exemplified by the visualization and measurement of the hind leg of
Sphaeroderma testaceum in its fully flexed position. (A) Scheme of the mechanical model of the levers in the femoro-tibial joint. The proportions of the arms
have been changed intentionally to fit the size of the image and do not represent natural conditions. A1, output arm of the anatomical extensor lever (black line);
A2, input arm of the anatomical extensor lever (red line); A3, input arm of the anatomical flexor lever (green line); L1, output arm of the mechanical extensor lever
(from the pivot to point C3); L2, input arm of the mechanical extensor lever (from the pivot to point C1); L3, input arm of the mechanical flexor lever (from the
pivot to point C2). TA, tibial apex. (B) Reconstruction of the virtual sagittal plane section of the hind leg (based on SR-µCT data) with coordinated scheme of the
leverage which was used for measurement of the lengths of the lever arms. MET, metafemoral extensor tendon; TFS, tibial flexor sclerite. (C) Tibial base
with spatial positions of the extensor and flexor ligaments, with corresponding positions of the flexor (green line) and extensor (red line) arms of levers (based on
SR-µCT data).
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flexor muscles build up the energy necessary for the jump (see
below).

Functional morphological analysis of the jumping
mechanism in flea beetles
The jumping movement in terms of the attainment of velocity and
acceleration is connected to the rapid extension of the hind tibiae in
the femoro-tibial joint during phase 2 of the jump (Figs 2 and 4).
This fastest part of the jump is reached when the tibia extends in
1–3 ms by about 110–115 deg (from about 30–35 to about
145–150 deg; Fig. 4). The recorded maximum velocity in one
Longitarsus pratensis individual reached 3.6 m s−1 within the initial
1.2 ms. The kinematic parameters of jumping flea beetles were also
calculated by Brackenbury and Wang (1995). The following
kinematic parameters were obtained by these authors for seven
species of six genera (Aphthona, Psylliodes, Longitarsus,
Crepidodera, Podagrica and Altica; values are given from
minimum to maximum): take-off time 1.1–7.7 ms, velocity
0.72–2.93 m s−1, acceleration 0.1–2.66 (×103) m s−2, kinetic
energy 0.96–17.60 µJ. These authors also investigated visual
targeting and the ability to rule out and to correct both jumping
direction and jumping distance. The kinematic parameters in
jumping insects, e.g. fleas, grasshoppers, froghoppers,
planthoppers, leafhoppers, shore bugs, stick insects and snow
fleas, vary in a broad range (values are given from minimum to
maximum): take-off time 0.7–14.9 ms, velocity 0.5–5.5 m s−1,
acceleration 36–7000 m s−2, kinetic energy 0.4–11,000 µJ, g-force
4–719 (from Burrows, 2006a,b, 2007a, 2008, 2009a,b, 2011;
Burrows and Morris, 2003; Burrows and Picker, 2010; Sutton and
Burrows, 2011). As follows from Table 1, the kinematic parameters
of flea beetles are comparable with those of other jumping insects.
Such values are characteristic to jumpers for which a catapult
mechanism was established and the source of the additional energy
for the jump is the elastic energy stored in the spring-like structures
prior to the jump.
The question is: can the femoral extensor muscles generate the

propulsive movement by direct muscle contraction or by a catapult

mechanism allowing for abrupt release of energy that has been
stored? Although the short input extensor lever (see Fig. 13) already
entails a velocity gain (see Gronenberg, 1996), the anatomical
structure and the mechanical conditions of the femoro-tibial joint of
flea beetles indicate that power amplification must be involved in
jumping.

There exist some indirect indications of the presence of an energy
storage mechanism in the rapid tibial extension during phase 2 of
the jump: (1) the examined duration of the full extension of a hind
tibia until take-off is very short (on average 1.5–3 ms; Table 1),
which is well below the temporal limitations known for insect
muscle contractions (Gronenberg, 1996; Josephson, 1975; Neville
and Weis-Fogh, 1963; Usherwood, 1962); (2) the calculated
maximum specific joint power developed by the extensor muscles
required for the recorded jumps reached 0.714 W g−1 (see Results,
‘Mechanics of the jump’; Table S1). This exceeds the reported
specific power output of about 0.1 W g−1 that insect muscles can
exert by direct action (Ellington, 1985; Josephson, 1975; Weis-
Fogh, 1956; Machin and Pringle, 1959). Similar conditions were
revealed in the raptorial fore limbs of the rove beetle Philonthus
marginatus (Stroem 1768), suggesting that a catapult mechanism is
involved in their rapid unfolding (Betz and Mumm, 2001).

In the flea beetles examined here, the extensor ligament
between the modified metafemoral extensor tendon and the tibial
base (Fig. 6) is the only elastic structure directly associated with the
extensor system, where potentially additional energy for the jump
can be stored. According to its resilin content (Fig. 12A–H), this is a
structure with high elasticity and the ability to reversibly deform. It
is subjected to extension when the tibia is flexed (Fig. 12C,F) and to
compression when the tibia is extended (Fig. 12E,H). We suppose
that, prior to the jump, the extensor ligament becomes loaded via
stretching through the contracting extensor muscles. This requires a
fully flexed position of the hind tibia that simultaneously must be
held by the contraction of the weaker flexor muscles. Such a
co-contraction of antagonistic muscles for the accumulation of
elastic energy has been established in the raptorial limb extension
in rove beetles (Betz and Mumm, 2001), the jumping legs of

em
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tibia

m

A Initial position B Phase 1

C Phase 2 D Phase 3

mfemur

Fig. 14. Schematic model of the crucial
functional elements in the hind leg and depiction
of the different phases of their movement during
a jump. (A) Initial position of the tibia. (B) Phase 1,
flexion of the tibia; arrows indicate the direction of
the flexor muscle contraction and flexion of the tibia.
(C) Phase 2, co-contraction of the antagonistic
muscles and extension of the extensor ligament;
arrows indicate the direction of contraction of the
extensor and flexor muscles. (D) Phase 3, extension
of the tibia; arrows indicate the direction of
contraction of the extensor muscle and extension of
the tibia. em, extensor muscles; fm, flexor muscles;
e.li., extensor ligament; m, membrane; MET,
metafemoral extensor tendon; TFS, tibial flexor
sclerite.
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locusts and crickets (Heitler, 1974; Burrows and Morris, 2003;
W. J. Heitler, http://www.st-andrews.ac.uk/~wjh/jumping/index.
html), and the coxo-trochanteral articulation of leafhoppers
(Burrows, 2007b), for example. In some cases (Betz and Mumm,
2001; W. J. Heitler, http://www.st-andrews.ac.uk/~wjh/jumping/
index.html), this mechanism functions by giving a mechanical force
advantage to the weaker flexor muscles over the stronger extensor
muscles as a result of the ratio of the lever’s arms. As follows from
the measurements for the leverage system of the femoro-tibial joint
exemplified by Sphaeroderma testaceum, in the fully flexed
position, the flexor lever has about five times the mechanical
advantage over the extensor lever (see Results, ‘MET’; Fig. 13).
Thus, it can be supposed that the contracted flexor muscle is
able to hold the tibia in a fully flexed position while the extensor
muscle is co-contracting concomitantly, extending the resilin-
bearing extensor ligament still further. It can be assumed that the
elastic energy stored in this way in the resilin-containing extensor
ligament, the string-like extensor tendon (Fig. 12B) and the muscles
is rapidly released upon relaxation of the flexor muscles.

Model for the jumping mechanism in flea beetles
Based on the data presented here, we propose the following
functional model of the jumping mechanism of flea beetles
(Fig. 14).
Phase 1: contraction of the flexor muscle; flexion of the hind

tibia with simultaneous short dilation of the resilin-containing
extensor ligament (between the tendon and the tibial base;
Fig. 14B).
Phase 2: co-contraction of extensor muscles; nevertheless, the

flexor muscle holds the tibia in its flexed position according to its
effective lever advantage; extensor muscles slowly extend the
ligament still further, with accumulation of the additional amount of
elastic energy (Fig. 14C).
Phase 3: rapid relaxation of the flexor muscles; extension of

the tibia via the energy pre-stored in the resilin-bearing ligament,
contracting extensor muscles and extensor tendon (Fig. 14D).
An additional argument in favor of this model is the ability of

flea beetles to carry out visual targeting (Brackenbury and Wang,
1995) and the jumping behavior observed in the laboratory and in
the field (K.N. and O.B., original unpublished data). It was
demonstrated that the beetles are able to control both the speed
and the trajectory of a jump with high accuracy. The beetles may
use a jump for bridging short distances (on a plant) for which the
precise control over the distance, trajectory and speed is relevant.
Alternatively, jumps can be used as escape reactions when high-
speed reactions are needed. The take-off velocity and acceleration
might depend on the accumulated and released energy during
phase 2 of the jump. Such a control might be realized by the
combination of fast and slow motor neurons associated with the
extensor muscle (Hoyle, 1978; Hughes and Salinas, 1999)
regulating its degree of contraction and the extension of the
extensor ligament.
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