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Summary

The false stick insectProsarthria teretrirostrislooks and
behaves like a real stick insect but can jump and kick
rapidly and powerfully like a locust, to which it is more
closely related. It has an elongated body with slender hind
legs that are some 2.5 times longer than the front and
middle legs. A male with a body 67 mm long and weighing
0.28g can jump 90cm with a take-off angle of 40° and
velocity of 2.5ms?, requiring an energy expenditure of
850uJ. The body is accelerated at 165 nt&for only 30 ms.
The larger and heavier females (mean body length 104 mm
and weighing 1.5g) can jump on average a distance of
49cm.

During jumping, the tibiae of the hind legs are extended
in 30 ms with maximum rotational velocities of 11.5°per
ms, but during kicking, when there is no body weight to
support, extension is complete in 7ms with rotational
velocities as high as 48°per ms. The short time available
to accelerate the body indicates that the movements are
not powered by direct muscle contractions and that there
must be storage of elastic energy in advance. The motor
patterns responsible for generating the necessary forces in

the hind legs for jumping and kicking are similar and
consist of three phases; an initial flexion of the tibia is
followed by a co-contraction of the small flexor and large
extensor tibiae muscles lasting several hundred
milliseconds while the tibia remains fully flexed. Finally,
the flexor motor neurons stop spiking so that the tibia is
able to extend rapidly. The small semi-lunar processes at
the femoro-tibial joints are not distorted, so that they
cannot act as energy stores. Some 7% of the energy is
stored transiently by bending the thin tibiae during the
initial acceleration phase of a jump and releasing it just
before take-off.

The jumping and kicking mechanisms ofProsarthria
teretrirostris have features in common with those used by
locusts but also have their own characteristics. The
evolution of jumping in Orthoptera is discussed in this
context.

Key words: locust, motor neuron, motor pattern, joint mechanics,
false stick insectProsarthria teretrirostris

Introduction

To increase their speed of locomotion or to escape frorontraction kinetics of even the fastest twitch muscles are
predators, many insects can jump rapidly and powerfully. Fleasuch too slow to generate such rapid acceleration. By contrast,
(Bennet-Clark and Lucey, 1967; Rothschild et al., 1972)larger animals such as tigers (Grzimeks, 1979) with a body
springtails (Brackenbury and Hunt, 1993), click beetleamass of 350kg, or tarsieiGalago senegalensisiall-Craggs,
(Evans, 1972, 1973) and the larvae of some flies (Maitland,965), with a body mass of 250 g, can generate standing jumps,
1992) are all able jumpers, but the supreme specialists are ttespectively, of 1.3 and 2.25m. Their long legs allow
Orthoptera, most notably the locusts and grasshoppeesceleration over a longer distance and for a longer time and
(Bennet-Clark, 1975; Brown, 1967; Godden, 1975; Heitlerthus muscle contractions can be used to power the jump
1977; Heitler and Burrows, 1977a,b). The use of differentirectly.
mechanisms by these diverse insects suggests that the abilityJumping height, however, is almost the same for small and
to jump has evolved many times. Despite these differerarge animals if the same percentage of body mass is invested
mechanisms, one basic problem remains; small bodies aim the muscles used in jumping. The jump of the tarsier is
short legs mean that the distances over which the body can &ehieved by an investment of some 10% of body mass in
accelerated before take-off are very short (Alexander, 1995)nuscles used in jumping (Alexander, 1995) rather than the
For a flea to produce the high take-off velocities of ¥Ims 4-5% invested by locusts (Bennet-Clark, 1976). In insects, the
characteristic of its powerful jump, acceleration has to be asverall design of the small body has resulted in mechanisms
high as 1300nmm% and achieved in less than 1ms. Thethat store elastic energy from muscle contraction in advance of
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the movement, usually by the deformation of cuticularProscopiinae. Locusts such$shistocerca gregaribelong to
elements. To generate the high acceleration needed feuperfamily Acridoidea, family Acrididae and subfamily
jumping, this stored elastic energy is then released rapidly. Cyrtacanthacridinae (Dirsh, 1961; Flook et al., 1999).

Locusts generate and store the 9-11 mJ of energy needed tA high-speed camera and associated computer (Red Lake
accelerate their body in 30 ms and achieve a take-off velocitynaging, San Diego, CA, USA) enabled images of jumping
of 3.2ms1 for a jump that can displace them by as much aand kicking movements to be captured at a frame rate of
1m (Bennet-Clark, 1975; Brown, 1967). Locusts have evolved000 st and with a shutter speed of 1/2000s. Selected images
specific mechanisms that involve structural specialisations afere stored on a computer for later analysis with Motionscope
the hind legs and specialisations of the neural machinery ifRed Lake Imaging) or with Canvas (Deneba Systems Inc, FL,
the central nervous system that generates a detailed ab&A) software. Jumps were performed by unrestrained insects
appropriate sequence of muscle actions (Burrows, 199%nd kicks by both free and restrained insects in which the hind
Burrows and Morris, 2001; Godden, 1975; Heitler andfemora were fixed in Plasticine but the tibiae and tarsi were
Burrows, 1977a). In preparation for a jump, the tibiae are firdree to move. Eleven jumps by three adult males at right angles
flexed and fully apposed to the femur, and the flexor antb the optical axis of the camera were captured. With this
extensor muscles of the tibia then co-contract (Heitler, 1974rientation, the legs project laterally from the body at angles
Heitler and Burrows, 1977a). The energy from the cothat change as the coxae are rotated at the joints with the
contraction of the muscles is stored by bending the spring-likdnorax. This may lead to error in measurements of the absolute
semi-lunar processes at the femoro-tibial joint and in théemoro-tibial angle, but the analysis of this joint concentrated
extensor tendon and femoral cuticle (Bennet-Clark, 1975). Then its angular changes during a jump. Eight kicks by four
stored elastic energy is released when the flexor tibiae motorsects were also analysed in detail.
neurons are inhibited rapidly, allowing the tibia to extend. Body size and the proportions of legs were compared with

To determine whether these structural and neurahose of locustsSchistocerca gregarisand stick insects
specialisations for jumping are a common evolutionary thread;arausius morosuand Cuniculina impigra The anatomy of
we have analysed jumping and kicking in an unusuathe femoro-tibial joint was examined in intact insects, in legs
orthopteran from South Americ&rosarthria teretrirostris  preserved in 50 % glycerol so that the joint was still moveable
walks slowly and shows freezing behaviour (thanatosis) like and in legs in which the cuticle was cleared by boiling in 5%
stick insect (Schultz, 1981; Wolf et al., 2001), thereby readilypotassium hydroxide. Drawings of the hind legs and the
disguising itself amongst the vegetation upon which it feeddemoro-tibial joint were made with the aid of a drawing tube
Like a locust, but unlike a stick insect, it jumps powerfully forattached to a Zeiss stereo microscope. The centre of gravity
considerable distances and shows strong and rapid kickingas determined by suspending insects from a nylon filament
movements, which it uses to deter adversaries. We show thattached first to the tip of the abdomen and then to the
there are few specialisations of the femoro-tibial joints in thenetathorax just behind the coxae of the hind legs. The
large hind legs that distinguish them from the front and middléentersection of these two lines projected beyond the nylon
legs, so that the joint mechanics and the way energy is storéthments (read from superimposed photographs) marked the
are different from those in a locust. These insects, neverthelesentre of gravity.
use the same motor patterns as locusts to generate the jumpindg.ever ratios of the flexor and extensor tibiae muscles were
and kicking movements. As a member of the proscopiigneasured in freshly autotomized hind legs of females glued by
family, P. teretrirostris probably has relatively primitive the anterior surface of the femur to a vertical cork board so that
jumping legs. Comparison of the features &.deretrirostris  the tibia was free to move at the femoro-tibial joint. The tibia
hind leg with those of more advanced and specialised jumpingpuld then be rotated in the vertical plane of the cork board,
legs may illustrate a path the evolution of the specialisethe axis of rotation of the femoro-tibial joint running
jumping legs of grasshoppers and locusts could have taken.perpendicular to the board in the horizontal plane. The flexor

and extensor tendons were exposed by opening the posterior
surface of the femur, and one tendon was then clamped to a
Materials and methods force transducer. The measurements were then repeated with

Adult male and female false stick insed®osarthria  the other tendon. The transducer was mounted on a small
teretrirosrisused were from a culture maintained in Ulm. Theymicromanipulator that allowed fine adjustment of the tension
were kept at room temperature and fed a diet of bramblexerted on a tendoithis whole apparatus could be rotated in
(Rubus fruticosysleaves. The founder colony was introducedthe vertical plane around the axis of the femoro-tibial joint.
to Germany by Klaus Riede, who deposited a voucheWeights of 1 or 1.5g were attached to the tibia 10 mm from
specimen at the Zoologisches Forschungsinstitut und Museutine femoro-tibial joint with a nylon filament. When the
Alexander Koenig, Bonn, Germany. Preliminary determinatiorextensor tendon was attached to the transducer, the weight was
of the speciesProsarthria teretrirosris (sensu lat) was  suspended from the ventral side of the tibia to exert a flexion
according to (Brunner von Wattenwyl, 1890). It belongs tdorce; when the flexor tendon was attached, the weight was
the order Orthoptera and suborder Caelifera, superfamilguspended from the dorsal surface to exert an extension force.
Eumastacoidea, family Proscopiidae and subfamilyBy adjusting the force applied to the flexor or extensor tendon,
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respectively, the tibia was maintained in a horizontal positionby changes in body posture but avoided destabilisation as the
The femur and attached force transducer were rotated througbdy was accelerated. Kicking typically involved the

the whole range of femoro-tibial joint angles, and the forcenovement of just one hind leg, although on occasion both were
applied to a tendon to keep the tibia horizontal was determinedsed. The hind leg(s) was rotated at the joint with the body so

To record the activity of the muscles during jumping andhat the kick was aimed at its target.
kicking, pairs of stainless-steel wires |58 in diameter,
insulated but for their tips, were inserted into the extensor and Jumping performance
flexor tibiae muscles of one hind leg. The wires were waxed The most powerful jumps were completed in 30+2.1ms
to the dorsal thorax and suspended from the roof of a Faradély=11) measured from the time when the joints of the hind legs
cage in which the insect was free to move. Movements of thié'st began to move until the insect became airborne (Fig. 2).
right hind leg were monitored by attaching to the proximal endifferent jumps by the same insect took different times to
of the tibia, a small piece of foil that reflected a light beantomplete and propelled it different distances. The highest take-
focused onto a position-sensitive diode (von Helversen anoff velocity was 2.5md, with the body being accelerated at
Elsner, 1977). Muscle activity and the movement recordingep to 165m<* for 30ms or less, and the take-off angle,
were digitised at 5kHz (Cambridge Electronic Design, 1401jmeasured from the centre of gravity, ranged from 20 to 50°
and written to CDs for later analysis with Cambridge(mean 40.7 °N=11). It requires 850QJ of energy to lift the
Electronic Design Spike2 software. body with a mass of 0.28g (Table 1) off the ground with this

Significance levels between measurement samples wevelocity.
assessed using thetest after Wilcoxon, Mann and Whitney ~ Males jumped an average horizontal distance of 66+6.7 cm
(significance level 5%); data are given as mean values @N=5), reaching a height of 13-15cm. The longest jump we
standard errors of the mease(m.). observed was 90cm. The larger and heavier females jumped

shorter distances, averaging 49+8.4 &in{). These values are
close to those calculated assuming non-ballistic conditions
Results with no air resistance or aerodynamic effects of the body. With

Prosarthria teretrirostrishas long thin legs and a long thin a take-off velocity of 2.5n713 and a take-off angle of 40°, a
body to which the elongated head is set at an angle, but it hasle would be predicted to jump a distance of 63cm and to a
no wings. It therefore looks more like a stick insect than deight of 13 cm.
locust (Fig. 1). The two sexes are markedly dimorphic in body In preparation for a jump, the tibiae of the hind legs were
size. Adult females weighed 1.54+0.1Nd~(6) (Table 1) and flexed to their maximum extent about the femur, but the curved
were almost 56 times heavier than adult males and, with tébiae could not be apposed to the femora along their length
mean body length of 104.4+1.4mnN=<16), almost 40% (Fig. 2A). The coxae were also rotated forward so that the
longer. In both males and females, the
centre of gravity of the body was beh
the coxae of the hind legs. In males it
at, or up to, 2mm behind the bor
between the first and second abdon
segments (mean 1 mmMi=5). In female
(N=7), the mean position was at the bo
between second and third abdom
segments with a range of 1.5mm in fi
to 2.5mm behind depending on
gravidity of the female. When the bc
flexed dorsally, the centre of gray
moved dorsally outside the body plan:
the dorso-ventral axis.

The feature common to both jump
and kicking movements was the re
extension of the tibiae of the hind le
During jumping, both tibiae were extenc
at the same time, and the posture of
body was adjusted to give an appropi [E :
take-off angle. It is important that t / f
centre of gravity is just behind the hind- Yool ENirIollele: - Wl Schistocerca gregaria
coxae, where the force exerted by the
accelerates the body. This allowed  Fig. 1. The body shapes of (Mrosarthria teretrirostris (B) Cuniculina impigra a stick
take-off angle to be adjusted appropria insect, and (CBchistocerca gregaria locust. Scale bars, 25 mm.

Prosarthria teretrirostris




1522 M. Burrows and H. Wolf

A B
180- \LTakeoff

F
1 Frort legs off -20
60 the ground 23
P T - - - - - - - - - - - - - - - - AZ/- ------------
] Hind legs off

0- Femur/body the ground
w d ¥ e 10
29

Femoraotibial angle(degres)

Femur/bodyangle(degres)

IN
it

Body’
height 7‘

N W
o O
1 1

17

Body height (mm)
H
o

o

+1

12

0.6
+7

2.3 #l

50 40 30 20 ~10 0 110 +20

Body angle(degres)

Time (ms)

Fig. 2. Movements of the femoro-tibial joint and body during a jump by a freely moving adult male captured by high-speedtimages
1000 frames. (A) Plot of hind-leg femoro-tibial angle and femur/body joint movements, changes in height of the body and angle of the body
relative to the ground. Time zero was taken as the point when the hind legs left the ground and the insect became aabextensian

takes 40 ms. The inset diagrams are tracings from single frames, at the times indicated, to show body posture, leg movbmeray tred

various measurements were made. The vertical lines show when the front and hind legs are lifted from the ground. (B) Bentiliey affa

hind leg during the jump plotted in A at the times (in ms) indicated. Horizontal lines indicate ground level. The degidiagisereasured

as the distance from the centre of the tibia to a line (chord) joining the femoro-tibial and tibio-tarsal joints. Thenvalogsafie given in the
right-hand column. The drawings are tracings from single images in the jump.

femora were pointing upwards at an angle of 90 ° to the bodyody so that, eventually, the two femora of the hind legs were
The tibiae of the hind legs then started to extend at the sarbelow the body. Similarly, the continuing extension of the two
time as their coxae were depressed, so that the net effect wimsae both elevated the body and moved it forwards. The same
to raise the body higher from the ground. The continuingoints in the front and middle legs also underwent similar
depression of the coxae resulted in the further elevation of thmovements, resulting first in the tarsi of the front pair of legs
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Table 1.Body length, body mass and ratios of lengths of le§sdearthria teretrirostri€arausius moroswmd Schistocerca

gregaria
Relative length
Front Middle Hind Body length Body mass
leg leg leg (mm) (9)

Prosarthria teretrirostris®@ 104.4+1.4 (16) 1.54+0.1 (16)
Femur 1 1.0 2.6
Tibia 1 0.9 24

P. teretrirostrisd 67.5+0.8 (10) 0.28+0.01 (8)
Femur 1 0.9 21
Tibia 1 1.3 3.0

Carausius morosu8 78+0.15 (10) 1.1+004 (10)
Femur 1 0.7 0.9
Tibia 1 0.8 0.9

Schistocerca gregari& 65.6+1.0 (5) 2.0+0.04 (5)
Femur 1 1.2 3.2
Tibia 1 1.3 3.2

Values are meanssEe.m. (N).

and then, approximately 5ms before take-off, the tarsi of theeleased. Experiments with transient bending at rates and for
middle legs leaving the ground. When the tibiae of the hingheriods of approximately 100ms, similar to those observed
legs reached full extension, the insect became airborne. Tldering jumping, showed that elastic deformation was possible.
tibia moved about the femur with a peak rotational velocity offThe measured spring constants were approximately
11.5°per ms. 20 mN mntl for axial compression (along the chord indicated
Considerable bending of the hind-leg tibiae occurred duringn Fig. 2B, although bending perpendicular to this axis yielded
the acceleration phase of the jump. As the body was raised, thienilar results). With a typical amount of bending of 1.8 mm
tibiae bent progressively so that they were maximally bowedbserved in jumping — which corresponds to an axial
when the femora were parallel with the ground. The bowingompression of approximately 1.2mm — the elastic energy
was quantified as the radius of curvature of the tibia, whicktored in one tibia was approximately( 2P The elastic energy
decreased from its natural value of 41 to 25 mm in this exampkored in the bent tibiae of both hind legs will, therefore, be
of a male jumping, and by the distance between the centre approximately 7% of the total kinetic energy requirement for
the tibia and a line (chord) linking the femoro-tibial and tibio-a jump.
tarsal joints. This doubled from its natural value of 1.7 mm
to a maximum of 3.5mm (Fig. 2B). As the tibiae were Kicking performance
progressively extended, the bowing progressively diminished Kicks by an individual hind leg occurred when the tarsus
so that, at the point when the tarsi left the ground, the tibiawas lifted from the ground and aim was directed by rotation of
were almost straight (the radius of curvature was 96 mm arttie leg at the coxa. In restrained insects with no external load
the distance as above was now only 0.6 mm). Once the insaotwork against, the extension movements of a tibia were very
was airborne and the hind legs were no longer bearing amgipid (Fig. 3). The fastest full extension was achieved in 7ms
load, the tibiae resumed their natural bowed shape. The for¢mean 8 msiN=7, range 7—11 ms), with maximum velocities of
acting on each hind leg to bend a tibia in this way, estimatetibial rotation more than four times higher than during jumping
from the acceleration of the body mass during a jump, waat 48 ° per ms. The velocity and consequent inertial forces were
approximately 23 mN. sufficiently high that the tibia was over-extended at its extreme
The spring constants (Young's modulus) for a tibia afposition and rebounded, often through several cycles of
moderate static deformation were measured to estimate tpeogressively slower and smaller flexion and extension
larger transient deformations observed in normal jumpingmovements. Close-up images of the femoro-tibial joint showed
Force was applied to a tibia of five males, and the amount ofo bending of the semi-lunar processes either preceding or
bending was measured. The speed of bending and recovexgcompanying tibial extension. Similarly, no distortions in the
was critical because, when the force was applied more slowbuticle of the femur or tibia around the femoro-tibial joint were
than observed in the high-speed images, the tibiae showetserved.
gradual (semi-) plastic deformation well before the amount of
bending observed during jumping was reached. The change, Structure of the hind legs
however, fully reversed within minutes of the force being The structure of the hind legs, and in particular their femoro-
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Fig. 3. Movements of the femoro-tibial joint during a kick by a restrained adult female captured by high-speed images atesG30Tiae
angular changes of the tibia about the femur are plotted against time, with the point of maximum extension designatekhadiiero.
extends fully in 7ms. Oscillations in movements occur when the tibia reaches its maximum excursion. Three single framesfarm shis
kick at the times indicated. The femur as a whole moved slightly in the Plasticine during the rapid extension of thentib@istoutions are
apparent in the semi-lunar process (see Fig. 4A) when the tibia is flexed in advance of the kick or when it is extending rapidly.

tibial joints, were analysed to understand how they couldontains the main bodies of the extensor and flexor tibiae
generate the powerful and rapid movements of both jumpinmuscles, the femur of females measured 2.2+0.09 Nub)(
and kicking. The general structure of the hind legs and jointt;h the dorso-ventral axis (males 1.5+0.03mi7), but
was very similar to that of the front and middle legs. The meanarrowed distally, where it contains only muscle tendons,
length of a hind femur of an adult fem#@eteretrirostriswas  tracheae and branches of nerve 5, to 1.0+0.06 mm (males
32.8£0.5mm K=18), whereas in the smaller males it was0.6+0.02). The most distal fibres of the main body of the
shorter at 23.9+£0.3mmNE11) (Table 1). The hind femora extensor muscle of a female inserted some 13 mm short of the
were, therefore, approximately 2.5 times the length of thé&moro-tibial joint, with only the few fibres of the accessory
femora in both the front and middle legs in both sexes. This isxtensor muscle closer to the joint. The extensor tibiae muscle
similar to the locust, in which the femora of the hind legs arén females had a mass of 22.7+3.0 \g6) and in males a
3.2 times longer than those of the front legs, but contrasts withhass of 7.7+0.17 mgNE4). The flexor tibiae muscles were
the stick insect€arausius morosuer Cuniculina impigrain ~ smaller, with a mass of 5.2+0.4 mg in females and 1.6+0.2mg
which the femora of the front legs are slightly longer than thosim males. The maximal cross-sectional area of the extensor
of either the middle or hind legs (Fig. 1; Table 1). Relative tdibiae muscle was approximately 3.3frim females and
body mass, however, the hind legs Rf teretrirostrisare 0.9 mn¥ in males.
proportionately longer than those of a locust, in males by a The tibia was thin, with a diameter of 0.8+0.01 m=%),
factor of almost 8 and in females by a factor of 2. in adult females (males, 0.5+0.08577). In females, it was
The femur of a hind leg was oval in cross section and nd@4.8+0.6 mm longN=18) and in males 26+0.3 mmMi£11) so
hexagonal like that of a locust. At its proximal end, where ithat in both it was some 2 mm longer than the femur. The tibia
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Fig. 4. The femoro-tibial joint of the left | 'ﬁ-
hind leg of an adult femalBrosarthria :
teretrirostris. (A) View from the
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inserts on the dorsal rim of the tibia
and the flexor tibiae muscle around a
ventral U-shaped rim of tibial cuticle.
(B) Ventral view with the tibia
extended. The ventral femur has
infoldings that form an internal lump
over which the tendon of the flexor
tibiae muscle slides (see Fig. 5B). The
membrane surrounding the tendon is
folded to form a pocket. Hair rows on
the proximal tibia can be seen.
(C) Dorsal view of the tibia and its
articulation with the femur with the joint
flexed. The pivot between the femur and
the tibia is seen as a pair of close
appositions between the two semi-lunar
processes of the femur and the horns of

Coverplate
the tibia.

was bowed so, when the insect was standing, the convexThe tibia could move about the femur by some 140° from
surface was lateral. In females, the radius of curvature of thee minimum flexed angle of 30-35° to a maximum extended
tibia was 52+0.2 mmN=16) and in males 41+0.2mmMi£14).  angle of approximately 170° although, at the end of a kick,
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Fig. 5. Movements of the insertions of the flexor and extensor tibiae muscles relative to the pivot of the femoro-tibidh@iithiasmoves
about the femur. (A) Drawing of the femoro-tibial joint of a left hind leg viewed anteriorly. The distributed insertionterfidbe of the

extensor tibiae muscle is shown. The outline of the femur and tibia are colour-coded in orange and red, respectiveliohid the joint is

represented by a black dot. The tendon of the extensor tibiae muscle is blue and that of the flexor is green. (B) Six ddegfeons snale
drawings of the femoro-tibial joint angles from 163 ° (extended) to 21.5° (flexed). The outline of the joint is drawn onlynfusttegrtended
position of the tibia, but the lump over which the flexor tibiae tendon slides is drawn in each. At the most flexed angleasvhéeter
observed during natural movements of the joint, the action of the extensor tendon is over centre. (C) Graphs of the étexsoteser

arms (expressed as fractions of tibial length) at different joint angles measured from the forces that have to be appéaddngto effect
joint movements. The lever arms of the flexor and extensor are equal (lever ratio=1) at a joint angle of 55 °.

over-extension by a further 10-20 ° often occurred. Externallypart of the tibia consists of two flat edges that hinge with the
the femoro-tibial joint is characterised by thin, recessed semflat edges of the inward projections of the femoral semi-lunar
lunar processes, two black spines on the distal dorsal rim pfocesses (Fig. 4A,C) and are held together with tough
femur and a sculptured anterior coverplate (Fig. 4). The semimembrane. On the proximal ventral tibia are two rows of hairs
lunar processes, one on the anterior and one on the poster@ach containing 5—6 short and prominent hairs (Fig. 4A,B) that
face of the femur, are set in deep grooves and are only sorage deflected by contact with the ventral femur when the joint
0.07mm wide and 0.9 mm long (Fig. 4A). The articulation ofis fully flexed.

the femur with the tibia is very similar to that of a locust hind

leg (Burrows and Morris, 2001). The most distal ends of both Femoro-tibial joint

semi-lunar processes turn inwards, and each has flat distalln the proximal femur, the stiff tendon of the extensor tibiae
edges that form the femoral half of the hinge joint with the tibianuscle is approximately 1.1+0.04 mm wide in femals5)
(Fig. 4C). Ventral to the semi-lunar processes, the lateral arahd 0.8£0.03 mm in the smaller mal&&=56), and is oriented
medial walls of the femur bulge outwards to form cavities intovertically (dorso-ventrally). It then twists through 90 ° so that
which the lateral and medial projections, or horns, of the tibign the narrow distal femur it is horizontal and 0.3 mm wide in
respectively locate (Fig. 4A). The anterior coverplate ifemales (0.2mm in males). Closer to the femoro-tibial joint,
sculptured so that the anterior of the two horns of the tibia ihe tendon becomes flexible and forms a broad insertion around
visible as it rotates in the bulge of the femur, but covers ththe U-shaped inside rim of the dorsal tibia (Figs 4A, 5A).
ventral part of the tibia when it is fully flexed. The proximal Similarly, the tendon of the flexor tibiae muscle is stiff where
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Fig. 6. Actions of the extensor and flexor tibiae muscles during kicking and jumping. (A) A kick by a restrained female. Thiferois
active first and moves the tibia to a flexed position. The flexor and extensor muscles then co-contract. The large spikengotheee
been distorted by the amplifier. The flexor muscle spikes stop just before the tibia extends rapidly, while those of theamtirnsdior
another 15-20ms. (B) A jump by an unrestrained female. The pattern of muscle action is similar to that during kickingeriedhoé qo-
contraction followed by cessation of flexor activity before the tibia extends and the insect takes off. The jump propets theyorsl the
limits of the tibial movement detector so that the movement trace is lost.

the muscle fibres insert and is 0.2mm wide in femalesot take into account that both flexor and extensor tendons
(0.15mm in males). In the narrow part of the distal femur, ittach as membranous and highly flexible structuret)-to
slides over a small oval lump formed by an invagination in thehaped sclerotised rims on the tibia (Figs 4A,B, 5A). The
ventral cuticle that protrudes dorsally approximately 0.2 mmeffective attachment site to which force is applied may therefore
or approximately 15% of the thickness of the femur at thiwvary with femoro-tibial angle. For example, when the joint was
point (Figs 4B, 5A). Closer to the femoro-tibial joint, the extended, the extensor tendon seemed to pull mainly at the base
tendon broadens into a tough flexible structure that divides intof the U-shaped attachment; when it was flexed, the primary
two parts, linked by tough membrane, to insert on the heavilfprce appeared to be exerted on the two tips. This means that,
sclerotised rim of the ventral tibia (Fig. 4B). As the tibia flexeswhen the joint was flexed, the effective point of attachment for
the ventral wall of the tibia protrudes into the ventral part othe extensor moved into a more proximal (ventral) position on
the femur and pushes between these two arms of the tendothe tibia (compared with Fig. 5B) and that the extensor tendon
did not cross the axis of rotation. Furthermore, in a
Lever arms of hind-leg flexor and extensor tibiae muscles morphological analysis, it remains unresolved whether the
To estimate the forces that muscles could exert thextreme joint positions are ever attained in natural movements.
throughout the range of femoro-tibial joint positions of a hindindeed, our high-speed images of natural jumping and kicking
leg, the lever arms of the flexor and extensor tibiae musclesovements showed that the tibia did not flex to angles of less
were analysed in two ways. than 35-40°. For both these reasons, it is doubtful that, in
First, lever arms were determined from scale drawings afiormal usage, the extensor acts over centre.
hind legs (Fig. 5A,B) dissected to reveal the attachment sites The second method of analysis was to simulate the forces
of the muscle tendons. At extended joint angles, the extensacting on the joint by replacing the flexor and extensor
muscle has a much larger lever than the flexor muscle becausescles with weights and force transducers. This allowed the
it attaches to the tibia at a position that is dorsal and proxim&ver arms of the two muscles to be determined directly by
relative to the pivot of the joint. The flexor tendon runs almosimeasuring the forces needed at the two tendons to balance the
through the pivot because of its ventral and more distgbint in different positions (Fig. 5C). The lever arms of the
attachment to the tibia. At flexed joint angles, by contrast, thewvo muscles were equal at a joint angle of 55°. If balanced
flexor tendon has a larger lever arm than the extensor becaws®d constant loads were applied to the two tendons at this
its tendon runs over, and is deflected by, the cuticulaangle, the tibia extended further when moved beyond 55 ° and
invagination, or lump, in the distal ventral femur (Figs 4B,flexed further below 55°. The extensor muscle showed
5B). In this way, the flexor tendon pulls on the tibia at anglesonsistently larger lever arms in the force measurements
close to 90° when the tibia is flexed. At the most flexed jointompared with the morphometric measurements. This
angles into which the tibia can be forced, the flexor andhdicates that the morphological identification of the
extensor tendons run close to each other over the femoral lumaftachment site of the extensor tendon was not appropriate in
so that the extensor tendon crosses the axis of rotation arfdnctional terms. The effective attachment point appeared to
therefore, goes over centre. be located more proximally on the tibia so that the extensor
Determining lever arms from morphological inspection doesendon did not cross the axis of rotation of the joint even in
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the most flexed joint position. Similarly, the force Comparison with locust jumping

measurements indicate that the morphometric data The jumping performances &f. teretrirostrisand locusts
underestimate the flexor lever in extended leg positions arate similar but, because the locust has to propel a much heavier
overestimate it in flexed positions. This again suggests a shifody, it needs to generate much higher forces. During jumping,
in the effective site at which force is applied to the distributedocusts extend the tibiae of their hind legs fully in 2030 ms

attachment on th&)-shaped rim of the tibia. (Brown, 1967) to achieve take-off velocities of 3.1ths
o o _ o (Bennet-Clark, 1975), whilé®. teretrirostristakes 30ms to
Muscle activity during jumping and kicking extend its hind legs and reaches take-off velocities of 2ms

To understand how the muscles generate the necessdrjese data fit with the energy requirements of the jump, which
forces during jumping and kicking, myograms were recordedre almost 1 mJ in a make teretrirostriswith a body mass of
from one hind leg and related to the movements of the tibia &80 mg, and almost 10 mJ in a male locust with a mass of 1.6 g.
that leg. The motor patterns and muscle actions that underl&milarly, there is much overlap in the kicking performances
jumping and kicking had the following features in commonof the two species, but the fastest kick observed in a locust took
(Fig. 6A,B). only 3ms with the tibia rotated at a maximum rate of 80 ° per

First, the flexor tibiae motor neurons spiked so that thens (Burrows and Morris, 2001), whereas the fastest ki€k in
resulting contraction of the flexor tibiae muscle pulled the tibideretrirostris took 7ms during which the tibia achieved
into its most flexed position. Second, the extensor and flexanaximal rotational velocities of 48 ° per ms.
tibiae muscles then co-contracted. In some electrode This similarity in jumping performance results from the
placements, it seemed as if additional flexor motor neurongvestment by both species of a similar muscle mass relative
were active from those that initially flexed the leg. In the 2%0 body mass for use in jumping; the muscles used by
kicks analysed, the duration of the co-contraction averagewretrirostrisin jumping account for 4-6 % of the body mass
416 ms (range 220-1003 ms), and in the 19 jumps the averaged in the locust 4-5% (Bennet-Clark, 1976). This will allow
was 333ms (range 147-585ms). The prominent feature similar jumping performance in animals of similar size,
recordings from the extensor tibiae muscle were the largeegardless of whether the jump is directly powered by muscle
potentials resulting from spikes in a single motor neurorcontractions or muscle energy is stored as elastic energy (with
presumed to be the fast extensor tibiae motor neuron. Durirgimilar efficiency). Even animals of different mass will
kicks, there were an average of 24 of these spikes (rangeoduce jumps of comparable absolute size because the
12-56,N=29) and during jumps there were 19 (range 12—-23nechanical energy delivered by a muscle scales almost linearly
N=19) at a mean frequency of almost 60Hz. The differencewith muscle mass (Bennet-Clark, 1976) and, thus, with body
in the number of spikes during kicks appeared to correlate wittnass if similar proportions of body muscle are used for
the power and speed of tibial extension and during jumps witfumping.
the distance that the body was propelled. The large muscle A more detailed comparison of data frdtn teretrirostris
potentials showed a marked decrement in amplitude as the owmith that from the locust (Bennet-Clark, 1975) suggests that
contraction progressed. This could be caused by a frequendie properties of the muscles used in jumping are similar in
dependent change in neuromuscular transmission or by thige two species. The extensor tibiae muscle in nRle
powerful contraction moving the electrodes. teretrirostrishas a mass of approximately 8 mg, and the energy

Third, activity in the flexor muscle stopped on average 20 mgenerated by a slow contraction of these muscles in the two
before a tibial movement could be detected during a kick or kind legs in preparation for a jump should amount to some
jump. Spikes in the extensor continued after those in the flexdr2mJ, by extrapolation from the 753 gneasured in the
ended, but also stopped before the rapid extension of the tibizcust extensor tibiae. This agrees with the maximum energy
began. At the end of a kick or a jump, the flexor muscle wasontent of almost 1mJ calculated from the jumping
active, often with a low level of co-activity in the extensor, soperformance oP. teretrirostrisand indicates an efficiency of
that the tibia was moved slowly to a more flexed position. approximately 70% for the transformation of muscle energy

into kinetic energy of the jump, including intermediate elastic
_ _ energy storage. The maximal cross-sectional area of the
Discussion extensor tibiae muscle was some 0.99nin male P.

Prosarthria teretrirostriscan jump and kick rapidly and teretrirostris, which should thus be able to generate forces of
powerfully despite its elongated body and long spindly legsapproximately 0.7 N per leg. In the locust, the whole muscle
The propulsion for the jump is provided by the rapid extensiohas a cross-sectional area of 16—172and can generate 15N,
of the hind legs, which takes only 30 ms and yet propels ther 0.8 Nmn12 The maximum lever of the extensor tibiae
body forwards by as much as 90cm. During kicking, whemmuscle ofP. teretrirostris(Fig. 5C) is 0.04 times tibia length,
there is no body weight to support, extension of a hind leg takesd this again agrees with the force requirements calculated
only 7ms. Both rapid movements are preceded by a prolongdéem the maximum acceleration of 165M measured during
co-contraction of the extensor and flexor tibiae muscles of the jump, amounting to approximately 0.6 N per leg.
hind legs during which force is built up slowly and stored It is clear from the above comparison tRatteretrirostris
before being delivered suddenly to power the movements. much like the locust, has to store elastic energy to generate the
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brief (but high) acceleration necessary for the jump. The maitibiae is fully flexed and locks it in this position as long as the
reason that stored elastic energy is required is the short tinflexor continues to contract. It is only when the flexor muscle
available for acceleration before take-off. Tibial extension iselaxes and releases the pouch from the lump that the tibia can
complete within 30 ms, yet the extensor tibiae muscle of thextend. InP. teretrirostris the consequence of having only a
locust needs a few hundred milliseconds to develop peak foregnall lump is that the angle of the flexor tendon is altered less
and a minimum of 59 ms to reach peak twitch force (Cochranat extreme flexed angles of the joint, and it is probably less
et al.,, 1972). The mechanisms used by the locustRand effective in locking the flexor tendon. The ability of the small
teretrirostris to transform muscle energy into the kinetic flexor to restrain the action of the larger extensor tibiae muscle
energy of a jump or a kick and thereby achieve the comparabtiiring the co-contraction phase must, therefore, depend more
performances show many similarities. There are, howeveon the respective lever ratios determined by the anatomy of the
notable differences. joint than on the locking mechanism provided by the femoral
First, in proportion to body mass but not body length, théump.
hind legs ofP. teretrirostrisare much longer than those of Despite these differences in the structure and operation of
locusts; in the lighter males, they are proportionately eighthe femoro-tibial joint, the motor pattern that produces a jump
times longer, and even for the heavier females they are twia@ a kick is strikingly similar in the locust aid teretrirostris
as long. The longer legs allow (lower) acceleration over én both, it consists of three phases: first, an initial flexion brings
longer distance and thus require the generation dhe tibia close to its maximally flexed position; second, a co-
proportionately less muscular force. They also require a lesontraction of flexor and extensor tibiae muscles, that can last
sturdy construction of the femoral cuticle. Heavier locustsseveral hundred milliseconds, allows the force generated by the
therefore, require additional specialisations for jumpingextensor tibiae muscle to be built up slowly and stored; third,
stronger muscles, sturdier cuticle and additional stores fdhe spikes in the flexor motor neurons stop abruptly so that the
muscle energy to achieve higher acceleration. flexor muscle relaxes, allowing the stored force to be delivered
Second, in the locust, the tibia of a hind leg, but not of aapidly. By contrast, most crickets kick but do not jump,
middle or a front leg, can be flexed fully about the femur sgowered by brief contractions of the extensor tibiae muscle and
that the two are closely apposed along their length in a groovet by long periods of co-contraction (Hustert and Gnatzy,
on the ventral wall of the femur. I. teretrirostris the hind  1995).
leg is similar to the other legs in that it cannot be fully apposed
to the femur. The most flexed angle that the tibia was observed Evolution of jumping legs
to achieve during natural jumping or kicking was 35°. This is Does the design of the hind legsofteretrirostrisrepresent
in part due to the marked curvature of the tibia and in paidn ancestral design of orthopteran jumping legs, intermediate
because, if the joint were flexed further, the lever arm of thbetween a normal walking leg and the specialised jumping leg
extensor tibiae muscle would go over centre. Instead, the levef locusts and grasshoppers? Alternatively, does this
arms of the flexor and extensor muscles are such that, at tbenvergent evolution represent two solutions derived from a
most flexed angles, that of the extensor is close to zero whifeore primitive design that has emerged to generate similar
that of the flexor is maximal, and at 55 ° they are balanced. THeehaviour?
lever arms then reverse so that, at angles of 90-130°, theThe close resemblance between the structure ofall
extensor lever arm is maximal and that of the flexor is close tretrirostrislegs is striking, particularly in the structure of the
zero. femoro-tibial joints, contrasting strongly with the evident
Third, in the locust, the structure of the femoro-tibial jointspecialisation of the hind legs in locusts.
of a hind leg is dominated by the presence of large semi-lunar Most notable are: first, semi-lunar processes that are small,
processes that are bent during a jump or a kick and awmith only the hinge area sclerotised; second, the structure of
estimated to provide almost half the energy storage for theske hinge itself; and, third the structure of the attachment sites
movements (Bennet-Clark, 1975). By contrast, the semi-lunaf the flexor and extensor tendons. The main specialisations of
processes iR. teretrirostrisare small, and high-speed imagesthe hind leg for jumping include: first, a ventral lump in the
show that neither they nor the distal part of the femur aréemur that alters the lever ratio of the flexor muscle at flexed
noticeably distorted during kicking, so that they cannot act g@int angles; second, increased femoral and tibial lengths; third,
an energy store. Instead, we assume that most of the energwitarger muscle mass; and, fourth, a more sturdy structure.
stored in the tendon of the extensor tibiae muscle, in the muscleLocusts and grasshoppers have carried hind-leg
itself and in the femoral cuticle. The smaller massPof specializations for jumping much further, particularly with
teretrirostrisand the proportionately longer legs mean that lessegard to heavy sclerotisation of the semi-lunar processes and
elastic energy storage is required to provide the acceleratidheir use in elastic energy storage, stronger cuticle and
for a jump. sclerotisation of several other parts of the leg, the hexagonal
Fourth, in the locust, the lump (Heitler, 1974) protrudes intaross section of the femur, a more pronounced ventral lump in
the distal femur for 40 % of the diameter of the femur, but irthe femur and a pouch in the flexor tendon, which locks over
P. teretrirostrisit extends for only 15%. In the locust, the that lump.
flexor tendon forms a pouch that fits over the lump when the Even if the main features & teretrirostrisjumping legs do
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not represent ancestral traits (i.e. they are symplesiomorphic fBennet-Clark, H. C. (1976). Energy storage in jumping insects.lsect
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