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Abstract

The physiological, mechanical and morphological properties of the specialized metathoracic leg and
flexor muscle of the male and those homologous but unspecialized ones of the female stick insects,
Eurycantha calcarata were examined, to find the correlation between the properties of the muscles and
legs with the animal behavior. The intact insects, isotonic and isometric transducer, pen recorder and
oscilloscope were used. The initial contraction of the muscle was a rapid contraction with the duration of
70 to 130 msec. Its delayed contraction was much longer remaining in contraction, more than 30 sec. The
muscle of the male was much more developed, faster, produced more force and did more initial and
delayed work than the muscle of the female. Also the produced power output and work output by the
muscle of the male were higher than those of the female, due to its greater size. The muscle produced the
highest tension at the femur-tibia joint angle of 1.22 rad. The muscles, as compared with other insect
muscles, produced relatively high power and were considered to be relatively fast.

Keywords: Physiology, Morphology, Behaviour, Leg, Muscle, Stick insect.

1. Introduction

Using legs in defensive behavior is not common in stick insects, but in the male Eurycantha
and relative genera, the metathoracic legs play an important defensive role i.e. counter-attack
against predators. Also the enlarged legs of the male, with their large spines, presumably are
used for defending the colony M. Hsiung (1987) has observed, that the males E. calcarata,
particularly when they are mixed with the females, fight with each other 2. The insect defense
adaptations could be divided into; Primary defense systems which consist primarily of cryptic
behaviors and Secondary defense systems e.g. defensive chemical secretion and defensive leg
movements P31, The grasping movements of the females are much weaker as their metathoracic
legs are thinner and have less developed spines. If the exhibition and use of the femur with
large spines and strong cuticle are purely defensive or perhaps aggressive actions, we need to
explain why they are developed more highly in the males.

The correlation between mechanical properties of insect’s legs, their muscles and the
behavioral function, has been shown . Leg movements of an insect are determined by the
structure of the legs themselves and specially the nature of the articulation. Understanding how
animals adapt their motor behavior to changing environmental conditions requires measuring
limb kinematics and muscle activity in different behaviors 1. When jumping, the larger legs
provide greater leverage, leading to faster take-off velocity . The hind legs of locusts
represent an extreme specialization for the production of the rapid and powerful movements
needed in kicking and in lifting a heavy body off the ground in jumping . The control of
locomotion requires the ability to adapt movement sequences to the behavioral context of the
animal . The behavioral functions of some insects or crustaceans are performed by fast
movements of their limbs and the others by slow ones, for example, the fast extension and
flexion of the prothoracic leg of praying mantid [, the fast extension of metathoracic legs of
the locust 1% 111 the slow responses of stick insect muscles to neural input and hence the
importance of direct measurement of muscle activation in describing how neural activity
generates behavior in this system [12 131,
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The extensor tibialis muscle in the E. calcarata produces the
pre-strike extension and the flexor one the strike. The
metathoracic flexor tibialis muscle of the E. calcarata is the
principal muscle and the behavioral function, defensive strike,
of the male is dependent on the properties of this muscle.

The physiological properties of a muscle can determine by
isotonical and isometrical examinations ['*. The examination
of muscle isotonically is more significant to predict behavior
of animals ['*]. Medler (2002) stated, skeletal muscles are with
specific contractile features being matched to special function
(16 There are many studies on the isometric contraction of
insect muscles ['7> ', some studies on isotonic contraction in
vertebrate muscles ['® 1 and many studies on the tension
produced by the whole muscle or muscle fibers at fixed
length. I am not aware of any study on the muscles of intact
insects, other than flight muscle, which showed the external
work done when muscle sustained a force, and influence of
properties of leg and muscle on the insects behavior. Thus, the
best way to better understand the effect of the muscles on the
animal behavior is to examine the physiological and
mechanical properties of the muscles themselves.

The correlation between the femur-tibia joint angle and
physiological properties of the muscle which moves the tibia
around the articulation has been observed. The spike-to-
movement transfer function is based on joint angle ?°. The
force generated by the metathoracic extensor muscle of locust
is greatest at the extension angle of 0.52 rad and falls to zero
at the angle of about 2.62 rad ['%1.

Although the most ultrastructural criteria such as the muscle
fibers diameter and thick filaments density suggest that the
differences between the male and female E. calcarata are
highly significant 1, it is necessary to examine the muscle
physiology in the intact animal so that the performance of the
muscle can be analyzed in the context of the behavior. Thus,
in this study the physiological and mechanical properties of
the specialized metathoracic flexor tibialis muscle and the
legs of the adult male E. calcarata which are used for
defensive strike behavior in addition to locomotion, were
compared with those of the homologous but unspecialized
ones from the female which are much less developed and
have a primary locomotory function.

2. Materials and Methods

Experiments were carried out on 10 adult, 5 males and 5
females, stick insects of the Eurycantha calcarata with
average body length and weight of; 11.17+0.2 cm and
14.42+0.32 g for the male and 13.2+0.31 cm and 23.71+0.42
g for the female. All experiments were performed under
daylight conditions and at room temperature, 21°c -23°c. In
order to calculate the contraction velocity in mm.s!, initial
and delayed work done in mJ and the force produced by the
flexor tibialis muscle in mN, with increasing sustained force,
moving from femur — tibia joint angle of 1.57 rad to full
flexion by the muscle; the animal was fixed ventral side up on
a platform so that the tibia was vertical to the platform
surface, one side of the isotonic transducer lever was attached
just distal to the main tibial spine and the other side to a force.
The force was increased in stages. The traces from the
Washington pen recorder and the displayed traces on an
oscilloscope screen, were used. The conditions of all
experiments, for the male and female, were constant; the
femur-tibia joint angle was set at 1.57 rad and the animals
were stimulated with single 50 V pulses, so that this voltage
was strong enough to produce a maximal response while the
single stimulus did not injure the animal.
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For all tests (N=25), 5 tests on an individual animal.

2.1 Mechanical properties of the leg and the muscle

The isometric tension produced by the muscle at each femur-
tibia joint angle from totally extended to full flexion, in 0.175
rad intervals, of the tibia (N=30) and the tension produced in
response to repeated stimulation by the muscle of male were
measured, using the Washington pen recorder and an
isometric transducer. The patterns from the male and female
would be similar, however the muscle of male is stronger with
important role for defensive strike. Arc-sin transformation
was performed on the data to allow the calculation of mean
percentage tension.

The tension produced per cm? and per gram weight of the
muscle, when the muscle sustained maximum force, was
measured in Newton.

The minimum and maximum work output in J.Kg'!, and
power output in W.Kg™! of the muscle weight were calculated.
To relate the movement of the tibia to the physiological
properties of the muscle e.g. the muscle velocity; the moment
arm of the tibia and the flexor muscle which was measured
directly to an accuracy of 0.01 mm (Fig. 1), the traces of tibial
movement with time displayed on an oscilloscope and tibial
lever factor of 6.96 for male and 10.18 for the female, were
used. Correlation and regression analysis were carried out to
compute the muscle movements from the movements of the
tibia.
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Fig 1: The scale diagram showing shortening distance of the flexor
muscle, throughout angular movement of the tibia in 0.35 rad steps.
A is the femur-tibia articulation. AB is the muscle moment arm of
the totally extended tibia at 2.45 rad, Ac is the moment arm at the
flexion angle of 2.10 rad and so on. LM is the shortening distance of
the muscle when the tibia moves 0.35 rad, from 2.45 to 2.10 rad and
the LP is the shortening distance when the tibia moves from full
extension to al flexion.

The dimensions of the legs of the male and the female were
measured from the photographs of 20 totally extended legs.
The weights of the isolated legs were also measured.

To measure the muscle mass in grams the muscle was
dissected out whole with apodeme, dried and weighted. Then
the apodeme weight was deducted from the total weight of the
muscle and apodeme.

To calculate the cross-sectional area of the muscle; the

equation am= muy/lnxd from Grey and Mill (1983) was used
[9]
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To measure the angular velocity of the tibial movement at
each flexion angle, the distance of muscle shortening for each
angular movement of the tibia was calculated, using the scale
diagram shown in figure 1. Knowing the distance of
shortening of the muscle for each angular movement of the
tibia and the maximum muscle velocity, assuming that the
muscle velocity is constant through the tibial movement, the
time of angular movement of the tibia for each displacement
was calculated. The angular velocity of the tibia at each
flexion angle was estimated (N=30) from a plot of the angular
displacement (rad) of the tibia against time (s) during the
strike. To calculate the angular velocity at each point of tibial
movement, the slopes before and after each point were
measured and the mean slope was calculated.

All measurements were statistically tested by Levene’s Test
for Equality of Variances and t-test. P-values lower than 0.01
were considered as statistically significant.

3. Results

To determine the effect of the metathoracic leg and flexor
tibialis muscle properties from the male and the female of the
Eurycantha calcarata on their functions and animal behavior,
the  morphological, physiological and  mechanical
characteristics of the leg and the muscle were studied.

The most remarkable morphological difference between the
male and the female is between their metathoaracic legs (Fig.
2). The leg of the male E. calcarata, with its large femur;
length 32.7+0.45 mm, width 83 +0.20 mm and depth
9.4+0.27 mm, is highly specialized to its behavioral function,
the defensive strike. The femur is armed with 4 spines of
which the third one from the proximal end is very large,
7.9+0.11 mm. However the femur of the female is much
smaller, length 27.98+0.40 mm, width 4.84 +012 and depth
6.11£0.19 mm with a much smaller main spine, 2.14+0.06
mm (Fig. 2). The wall of the femur is made of thick cuticle
which is not easily broken when the insect catches a strong
object. The long tibia of the male, 27.2+0.31 mm, bears
several spines. The proximal tibia is curved outwards which
may enable the insect to grasp larger objects between the
main femur and tibial spines. The tibia of the female is
slightly longer, 28.35 mm and thinner.

Fig 2: The metathoracic leg of the male (A) and Female (B) E.
calcarata

The flexor tibialis muscle of E. calcarata is the principal and
most forceful muscle. The muscle of the male which is used
for defensive strike, with the weight of 0.47+0.02 g and the
cross sectional area of 1.81+0.07 cm?, is much larger than that
of the female with the weight of 0.25+0.02 g and the cross
sectional area of 1.07+0.08 cm?.
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The contraction of the muscle was divided into 2 phases: The
initial twitch phase was a rapid reflex contraction of constant
amplitude with a duration from 70 to 130 msec. This was
followed by a much longer lasting, stronger and more variable
delayed contraction; the muscle may remain in contraction for
more than 30 sec and generate much more power output than
the initial one. The amplitude of the delayed contraction was
higher than that of the initial one for all forces sustained by
the muscle i.e. the muscle did more work, produced higher
tension and did not fatigue rapidly. At a low force of 2.74 N
the- initial contraction was very high, but it decreased to
almost zero with a high force of 20.48 N; whereas the delayed
contraction at 20.48 N force decreased only about 50% and
did not decreased to zero before 30 sec.

When the male was stimulated repeatedly, at 1 Hz for 1 min
every 6 min, the muscle produced a series of initial isometric
contractions, twitches, with a maximum tension of 24.53 N.
The tension produced within the first burst diminished about
34% of the maximum tension to 16.19 N, after 18 sec. (Fig.
3). From the 3™ burst the tension diminished gradually
throughout each burst and more strongly than in the first two
bursts e.g. by 44% of the maximum tension, to 13.73 N,
within the 3™ burst and by 51% of the maximum tension to
12.02 N, within the 10" burst (Fig. 3).

Fig 3: The isometric tension produced by the metathoracic flexor
muscle in an intact male E. calcarata, in response to electrical
stimulation at 1 Hz for 1 min repeated every 6 min. The pattern of
tension produced within the Ist burst (A); within the 3rd burst, after
18 min (B); within the 7th burst (C); and within 10th burst, after 60
min (D).

The changes between the bursts showed that the initial tension
of each burst was similar for the 1* to the 3 burst (Fig. 3).
The initial tension diminished from the 4™ burst onwards,
after 22 min continued stimulation e.g. the tension diminished
for the 10™ burst by 44% to 13.73 N of the maximum tension.
The terminal produced tension diminished in subsequent
bursts, while it became greater than that of the initial tension
of the bursts. The tension at the end of the 3™ burst
diminished by 47% to 13 N, and at the end of the 10" burst by
73% of the maximum tension to 6.62 N. This suggests that the
muscle fatigues quite slowly over an extended period. This
also suggests that the muscle contains a range of
physiological fiber types i.e. the fibers which contract rapidly
and fatigue quickly and the fibers which contract less rapidly
but exhibit greater fatigue resistance.

3.1 Velacity of the initial contraction

As the force sustained by muscle of the male increased, the
contraction velocity of the muscle decreased (Fig. 4). The
maximum and minimum velocity measured for the muscle of
the male was 17.37+3.46 mm.s’!, with a force of 1.37 N, and
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4.42+0.9 mm.s’!, at the maximum force that most muscles
sustained, 16.44 N, respectively (Table 1). The maximum
force sustained by any muscles was 19.18 N. The estimated
maximum velocity of the no force muscle of the male was
about 22.5 mm.s’' and the velocity reached zero at a
maximum force of 29.43 N.
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Fig 4: The correlation between the contraction velocity (mean+STD)
and increased sustained force by the muscles of the male and female.

The correlation between the contraction velocity of the
muscle from the female and the force sustained by the muscle
(Fig. 4) was similar to that of the male. The maximum and
minimum velocity measured for the muscle of the female was
12.87+2.13 mm.s”!, with a force of 1.37 N and 1.46+0.66
mm.s!, at the maximum force sustained by most muscles,
10.96 N, respectively (Table 1). The maximum force
sustained by any muscles was 13.70 N. The estimated
maximum velocity of the no force muscle of the female was
about 18 mm.s' and the velocity reached to zero at the
maximum sustained force of 14.72 N.

http://www.veterinarypaper.com

The velocity of the male muscle was significantly higher (P <
0.01) and the muscle sustained much higher force than the
female (Tables 1, Fig. 4).

Table 1: The velocity (mm.s™') of the muscle from the male and
female, when the muscles sustained force was increased.

Force Velocity (mm.s?)
(N) Male Female
1.37 17.37+3.46 12.87+2.13
2.74 14.64+2.97 9.27+1.80
4.11 13.04+2.49 7.41+1.44
5.48 11.58+1.93 5.55+1.33
6.85 10.22+1.36 4.06+£0.96
8.22 8.86+0.92 2.85+0.73
9.59 7.96+0.83 1.92+0.87
10.96 7.23+0.73 1.46+0.66
12.33 6.32+0.64 1.17+0.33
13.7 5.60+0.68 0.75+0.45
15.07 4.92+0.62
16.44 4.42+0.90
17.81 3.78+0.88
19.18 3.80+1.83

Values are expressed as mean + s.e.m. In all tests for the male N=25
except at; 16.44 N, N=15; 17.81 N, N=12; 19.18 N, N=5. In all tests
for the female N=25 except at; 12.33 N, N=13; 13.7 N, N=2.

3.2 Work done during the initial contraction

As the sustained force by the muscle of the male increased,
the work done by the muscle during the initial contraction,
increased until it reached a peak of 6.78+0.87 mJ, when the
muscle sustained a force of 9.59 N (Table 2), then the work
done decreased (Fig. 5). The work done at the maximum force
sustained by most males, 16.44 N, was 4.55+2.07 mJ. The
initial work done by the male reached zero at a maximum
muscle force of 29.43 N, estimated by the extrapolation of the
force-work done curve. The measured minimum work done
during the initial contraction was 1.93+0.25 mJ, when the
muscle force was 1.37 N (Table 2, Fig. 5).
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Fig 5: The correlation between the work done (mean+STD) during initial contraction and increased
sustained force by the muscles of the male and female.

The correlation between the sustained force and the work
done during the initial contraction by the muscle of the female
was similar to that of the male. However, the work done by
the female reached a peak of 3.76+0.55 mJ, when the force
sustained by the muscle was 4.11 N (Table 2) i.e. much earlier
than that of the male (Fig. 5). The initial work done by the
muscle of the female reached zero at a maximum force of
14.72 N, estimated by extrapolation of the force-work done

~ 75~

curve. The minimum measured initial work done by the
female was 1.51£0.15 mlJ, at the force sustained by most
muscles, 12.33 N (Table 2, Fig. 5).

The peak work done during the initial contraction by the male
was significantly greater than that of the female (P < 0.001) as
the male sustained much higher force. The variation in the
initial work done from the male was greater than that of the
female (Tables 2, Fig. 5).
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Table 2: The work done (mJ) during initial contraction by the muscle of the male and female,

when the muscles sustained force was increased.

Initial work done (mJ)

Force (N) Male Female
1.37 1.934+0.25 2.15+0.26
2.74 3.35+0.48 3.00+0.38
4.11 4.61+0.76 3.76+0.55
5.48 5.41£0.90 3.43+0.81
6.85 6.18+0.64 3.06+0.73
8.22 6.65+0.65 2.38+0.61
9.59 6.78+0.87 1,84+0.59
10.96 6.59+0.99 1.60+0.52
12.33 6.17+1.12 1.51+0.15
13.7 5.71+1.26 1.49+0.27
15.07 5.04+1.34
16.44 4.55+2.07
17.81 4.22+1.74
19.18 4.38+3.77

Values are expressed as Mean + s.d. In all tests for the males N=25 except at; 16.44 N, N=15; 17.81
N, N=12; 19.18 N, N=5. In all tests for the females N=25 except at; 10.96 N, N=20; 12.33 N, N=13;

13.7 N, N=2.

3.3 Work done during the delayed contraction

As the force sustained by the muscle of the male increased,
the work done during the delayed contraction by the muscle
increased until it reached a peak of 18.70+6.61 mlJ, at the

maximum sustained force by the muscle of most males, 16.44
N (Table 3, Fig. 6), then the work done decreased. The
minimum measured delayed work done was 2.29+0.22 mJ,
when the muscle force was 1.37 N (Table 3, Fig. 6).

Delayed wark dane (mJ)

Force (N)

(Sl ]
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Fig 6: The correlation between the work done (mean=STD) during delayed contraction and increased
sustained force by the muscles of the male.

The work done during the delayed contraction by the muscle
from the female increased as the force sustained by the
muscle increased until it reached a peak of 7.16+4.55 mJ at
the force of 8.22 N (Table 3, Fig. 6), then the work done
decreased. The minimum measured delayed work done by the
muscle was 2.41+0.34 mJ, at the sustained force of 1.37 N
(Table 3, Fig. 6). The work done by the muscles at maximum

force sustained by the most muscles, 10.96 N, was 6.02+5.17
mJ.

The peak work done during delayed contraction by the muscle
of the male was significantly greater than that of the female
(P<0.001) as the muscle from the male sustained much higher
force (Table 3, Fig. 6).

Table 3: The work done (mJ) during delayed contraction by the muscle of the males and females, when the
muscles sustained force was increased.

Delayed work done (m.J)

Force (N) Male Female
1.37 2.29+0.22 2.41+0.34
2.74 4.75+0.24 4.20+0.60
4.11 6.83+0.73 591+1.71
5.48 8.67+0.88 6.69+3.18
6.85 10.76£1.19 7.10+3.37
8.22 11.86£1.26 7.16+4.55
9.59 13.39+1.18 6.53+5.61
10.96 15.34+0.52 6.02+5.17
12.33 15.88+£2.16 5.04+4.37
13.7 16.43+3.05 2.29+0.92
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15.07 17.81+4.46
16.44 18.70+6.61
17.81 16.05£11.91
19.18 16.17+5.71

Values are expressed as Mean + s.d. In all tests for the males N=25 except at; 16.44 N, N=15; 17.81 N,
N=12; 19.18 N, N=5. In all tests for the females N=25 except at; 10.96 N, N=20; 12.33 N, N=13; 13.7 N,

N=2.

3.4 The measured power output and work output

The maximum and minimum measured power output
produced by the muscle of the male were 41.17+14.13 W Kg!
when the muscle sustained a force of 5.48 N and 19.68+10.21
W.Kg! when the force was 16.44 N, respectively. However,
the ones produced by the muscle of the female were
52.01+£26.85 W.Kg! when the muscle force was 2.74 N and
6.50+6.39 W Kg'! when the force was 10.96 N, respectively.
The maximum and minimum measured work outputs of the
muscle for the male were 3.440.97 J Kg' when the muscle
sustained a force of 5.48 N and 1.64+0.63 J.Kg' when the
force was 16.44 N, respectively. Similarly, those produced by
the muscle of the female were 4.33+£0.97 J Kg' when the
muscle force was 2.74 N and 0.60+0.48 J.Kg™! when the force
was 10.96 N, respectively.

3.5 Tension produced at maximum sustained force by the
muscles

The calculated tensions produced at the maximum sustained
force by the muscles of the male and female were 40.81 N.g™!
and 54.80 N.g"! and the tensions produced relative to the cross
sectional area of the muscles were 10.60 N.cm? and 12.80
N.cm?, respectively.

3.6 Force produced during the initial contraction

As the force sustained by the muscle of the male increased,
the force produced by the muscle increased until it reached a
peak of 152.42+35.06 mN at the highest force sustained by
most muscles, 16.44 N (Table 4, Fig. 7) and then it fell. The
minimum measured force produced by the male was
31.194£8.63 mN at the sustained force of 1.37 N.

Force praduced [mi)
=)
(=]

Sustained force (M)

o e
+0 Oy

Fig 7: The correlation between the force produced (mean+STD) during initial contraction and increased
sustained force by the muscles of the male and female.

As the force sustained by the muscle of the female increased,
the force produced by the muscle increased until it reached a
peak of 30.11£13.39 mN, at the sustained force of 5.48 N,
after that the produced force fell (Table 4, Fig. 7). At the

highest force sustained by most muscles of the females, 10.96
N, the measured produced force was 18.54+10.95 mN.

The muscle of the male produced greater force (P < 0.001)
and the variation in the force was usually greater than that of
the females (Tables 4, Fig. 7).

Table 4: The force produced during initial contraction of the muscle from the male and female, when the sustained
force by muscles was increased.

. produced Force (mN)
Sustained force (N) Male Fomale
1.37 31.19+8.63 24.66+9.60
2.74 50.23+14.62 26.80+10.44
4.11 65.28+17.59 28.78+10.31
5.48 78.82+17.00 30.11+£13.39
6.85 84.79+16.06 29.45+13.09
8.22 86.08+13.30 26.96+10.17
9.59 92.71+17.84 20.95+12.37
10.96 103.89+21.84 18.54+10.95
12.33 108.83+18.55 16.15+8.09
13.7 113.56+18.30 8.12+7.54
15.07 119.10+£19.56
16.44 152.42+35.06
17.81 116.34+11.29
19.18 119.92+59.50

Values are expressed as Mean + s.d. In all tests for the males N=25 except at; 16.44 N, N=15; 17.81 N, N=12;
19.18 N, N=5. In all tests for the females N=25, except at 10.96 N, N=20; 12.33 N, N=13; 13.7 N, N=2.
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The measured maximum forces produced per gram weight
and per cross sectional area of the muscles were 324.3 mN.g’!
and 84.2 mN.cm? for the male and 120.44 mN.g"! and 28.14
mN.cm for the female, respectively.

3.7 Tension produced at different tibial flexion angle

http://www.veterinarypaper.com

As the femur-tibia joint angle decreased, from 2.45 rad, the
isometric tension produced by flexor muscle increased until
reached a peak, 59.83+0.61%, produced by all tests (N=30).
Then as the angle decreased, the tension also decreased (Table
5; Fig. 8). The peak tension occurred at the joint angle of 1.22
rad i.e. the angle close to the angle of the normal standing
position.
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Fig 8: The pattern of correlation between the flexion angle of the femur-tibia joint and the tension
produced (mean+S.E.M) by the muscle of the male.

Table 5: The percentage isometric tension produced by the muscle of the male, at various flexion
angles of the femur-tibia joint.

Angle (rad) Tension produced (%0)
0.35 15.04+1.50
0.52 27.67+1.35
0.70 40.93+1.90
0.87 50.0242.18
1.05 55.83+1.84
1.22 59.83+0.61
1.40 52.86+0.90
1.57 48.85+0.64
1.75 40.75+1.27
1.92 33.15+1.40
2.10 29.05+1.43
2.27 25.37£1.21
2.45 19.30+0.81

Values are expressed as Mean + s.e.m. N=30.

3.8 The tibial angular velocity

During flexion of tibia from full extension of 2.45 rad, the
tibial angular velocity initially showed a little change,
however, from 1.0 rad it increased rapidly (Fig. 9). The
relationship between the muscle shortening and angular

movement of the tibia was not linear. The minimum
calculated the angular velocity of 9.35+0.43 rad.s would
occur at an angle of 1.4 rad. The maximum velocity of
175+5.55 rad.s”! would occur at the end of the strike, an angle
close to full flexion

200
180
160
140
120
100
80
60
40
20
0

Tibial angular velocity (rad/s)

=]

1/5

Joint angle (rad)

Fig 9: The correlation between the flexion angle of the femur-tibia joint and the angular
velocity of the tibia (mean+S.E.M), during the defensive strike.
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The kinetic energy of the tibia will increase through the
defensive strike, proportional to the square of the angular
velocity, given in erg by Ex= %4 Lw? 221,

The calculated torque, according to I = La 2], acting about
the femur-tibia articulation, applied by the flexor muscle of
the male in moving the tibia, to give the measured maximum
tibial acceleration of 20661 rad.s™! at joint angle of 0.35 rad,
was 9711 dyne.cm.rad™! .

The maximum extension of the tibia of E. calcarata was 2.45
rad and the largest estimated joint angle at which the insect
could hold a cylindrical object between the femur and tibial
spines was 1.8 rad i.e. the measured distance between the
spines of 13 mm. However, the insect may catch and hold a
soft object with slightly larger, by driving the main tibial and
femoral spines into the restrained object.

4. Discussion

The physiological, mechanical and morphological properties
of the specialized metathoracic flexor tibialis muscle and the
leg from the male, and those of homologous but unspecialized
ones in the female stick insects, Eurycantha calcarata were
examined in order to find the correlation between the
properties of the muscle, of the leg and the animal behavior.

4.1 Physiological Properties of the Flexor Tibialis Muscle
It is essential to describe the dynamic properties of a muscle,
to recognize its biological functions and predict the muscle
models, and loaded-release experiments are especially helpful
for measuring this-dynamic features 2. The most significant
functional capacity of the muscle is its capability to shorten
against a force and thus to do work ['’l. There is an inverse
relationship between the force on a muscle and the shortening
velocity 2% 2% 231 The velocity of the muscles decreases
quicker during initial increase force on a muscle than with
increasing relatively higher forces 2% 27l When the male E.
calcarata muscle force increased from 1.37 N to 2.74 N, the
velocity decreased up to 15.7%; however, when the force
increased from 15.07 N to 16.44 N, the velocity decreased
only 2.9% of the maximum measured velocity. Therefore, the
force-velocity curve is nonlinear and similar to previous
observations. The percentage decrease in the muscle velocity
of the female is much greater, for any increase in force, than
that of the male, i.e. the male can sustain much higher forces
and shorten with higher velocity than the female.

The flexor tibialis muscle of E. calcarata, especially of the
male, is relatively fast. The maximum velocity at zero
sustained force for the male is about 22.5 mm.s™' and that for
the female is 18.0 mm.s™!. The muscle velocity of the male
reaches zero at a maximum force on the muscle of 29.43 N
and that of the female at maximum force of 14.72 N. The
flexor tibialis muscles of the male and female are faster than
flight muscle of the locust Schistocerca gregaria, with
maximum velocity of 10 mm.s' 8 and slower than the
metathoracic tergocoxal muscles of two tettigoniid insects
Neoconocephalus robustus and N. triops which are
comparable to very fast muscles such as the extensor
digitorum longus of mouse 4,

The performance of muscles may be influenced by limb
dimensions 2> 2. The length of the flexor and extensor
muscles of all legs from Carausius morosus may be regarded
as proportional to femur length and the contraction velocity is
influenced directly by muscle length [, The slowness of the
prothoracic flexor tibialis muscle of Carausius morosus
compared with metathoracic extensor tibialis muscle of
locusta migratoria migratorioides, may depend on the
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narrowness of the leg and the small inter fibers spaces in the
muscle 3% The male E. calcarata is much faster than the
female, possibly because of the enlarged metathoracic femur
and flexor muscle from the male.

The correlation between force on the muscles and initial work
done by the muscles studied here is similar to previous
observations ['> 4. The work done by the male reaches a peak
of 6.78 mJ at an intermediate force of 9.59 N and by the
female reaches a peak of 3.76 mJ at force of 4.11 N, the
female reaches the peak earlier than the male. At both ends,
zero force and maximum force, 29.43 N for the male and
14.72 N for the female, the initial work done is zero.

The work done by muscles increases quicker during the initial
increase in force and decreases slower with increasing
relatively higher force. The power of the locust flight muscle
is optimum from 0.3 to 0.4 of maximum force ?*. Also the
maximum work done by the muscle of the male and female E.
calcarata occurs at 32.5% and 28% of the maximum force
respectively.

The delayed work done during delayed contraction by the
male reaches the peak of 18.70 mJ at a force of 16.44 N,
however, by the female reaches the peak of 7.16 mJ at force
of 8.22 N, much earlier than the male. The delayed work done
by the male and female were much greater than some insect
flight muscles ?* I, The maximum initial and delayed work
done by the muscle of the male was greater than those of the
female. The differences between the male and female could
be related to the different behavioral function of the
metathoracic legs.

The relationship between the work done and the velocity of
the flexor tibialis muscle was similar to previous findings %
311 At very low or very high muscles velocity the work done
fell strongly towards zero. The force at which maximum work
was done corresponded to a velocity of 0.35 times of the
maximum velocity at zero force for the male and 0.41 times
of the maximum velocity for the female. The maximum work
done by the locust flight muscle occurs at about 0.40 times of
maximum velocity at zero force 28],

The maximum measured power output produced by the
muscles, 41.17 W.Kg'! from the male and 52.01 W.Kg! from
the female, and the maximum measured work output, 3.4
JKg! for the male and 4.33 JKg' for the female, were
greater than those of some insect muscles > 131 and similar to
others 1. The average work output during isotonic twitches
of the metathoracic, flight muscle, of tettigoniid is 1.3 J.Kg™!
51 The maximum power output during the mantid strike
from the extensor and flexor tibialis muscles of the
prothoracic leg of the praying mantid Hierodula
membranacea are 6 W.Kg™' and 27 W.Kg™, respectively ).
The muscles of E. calcarata sustained much higher force and
produced more tension, 10.60 N.cm? and 40.81 N.g"! for the
male; 12.80 N.cm™ and 54.80 N.g"! for the female, than other
insects 24, The extensor tibialis muscle of the locust produces
the maximum tensions of 9.81 N.cm and 24.53 N.g"! which
is more than the tension produced by corresponding muscle of
the frog, 9.81 N.g! B2l Thus, the muscles studied here are
relatively very powerful and have a high efficiency to do
work.

The velocity of muscles, their power and efficiency may be
indirectly correlated, e. g. the muscle of the male E. calcarata
produces less power output than the anterior parts of the
extensor iliotibialis of the salamander, Ambystoma tigrinum
nebulosum 91, but the velocity of the male at zero force is
higher than that of salamander. Moreover, the muscles of the
male and the female are slower but more powerful than the
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flexor and extensor tibialis muscle of the prothoracic leg of
the praying mantis ). Fast muscles may develop less tension
than slow ones % 4. The velocity of muscle from the male
and the female are lower than the metathoracic and
mesothoracic muscles of both N. triops and N. robustus 4],
but produce higher tension than these muscles, which is
similar to the range of the tension produced by most striated
muscles 3], Thus the muscle of E. calcarata is relatively fast
and produces much more power output than some very fast
insect muscles.

The force produced by the muscles, 152.42 mN for the male
and 30.6 mN for the female, is much higher than the force
exerted by the flexor and extensor tibialis muscles of the legs
from the stick insect, Cuniculina impigra ** 31 and also is
higher than the force produced by the flight muscle of the
locust 281, So the flexor tibialis of E. calcarata is a relatively
powerful muscle. The greater force produced by the male, as
compared with the female, can be related to the different
evoked behavioral functions of the male and the female.

The force produced by and velocity of locomotory muscles
are significantly correlated, faster muscles produce higher
forces 27> 361, The maximum velocity of soleus and anterior
tibialis muscles of albino rat is 54 mm.s' and 144 mm.s’!
respectively and the force exerted by faster anterior tibialis is
about 5 times of the force exerted by the soleus muscle [7],
The muscle of the male E. calcarata is much faster and
generates more force than that of the female. The male
requires to be fast and has to produce more force in order to
impact the predator to the main femur spine and inflict
maximum damage.

The relationship between the femur—tibia Joint angle and
tension produced, during tibial flexion, by the muscle of E.
calcarata, is similar to previous findings ['> 231, The produced
tension reaches a peak at the Joint angle of 1.22 rads, close to
the angle of the normal standing position and declines in both
larger and smaller angles. Maximal tension for the majority of
striated muscles occurs at near the normal resting length in the
body % 4. The force in the extensor muscle fibers of
Carausius morosus has a plateau at medium fiber lengths [12],
The histochemical and ultrastructural results also predict that
the muscles are a mixture of physiological fiber types with
predominantly fast fibers and that the muscle of the male
contains more fast fibers than the female [, The
physiological results show that; the muscles contract
relatively fast during the initial contraction, can remain in
contraction for quite long time during the delayed contraction
and the muscle of the male is faster and generates more force
than the female. The higher speed of the male gives the insect
greater ability to catch an attacking predator and the greater
produced force gives the male greater ability to inflict damage
on the predator. Therefore, the mixed properties of the muscle
presage that the muscle fibers will be recruited by the nervous
system in a pattern suited to the behavior.

4.2 Mechanical properties of the leg and the muscle

The structure and mechanical properties of legs, of muscles
and behavioral functions of insect and crustacean are
correlated. During jumping, the larger legs enable the muscles
to contract for longer times, leading to faster take-off velocity
1 The prothoracic legs of the praying mantis Heirodula
membranacea B are greatly adapted for predation; being
long, massive, heavily armed with spines and the joints are
very mobile. Prey is captured rapidly and precisely by the legs
and held by the contraction of the large flexor tibialis muscle.
The metathoracic leg articulation of the locust Schistocerca

http://www.veterinarypaper.com

gregaria is specialized for jumping ['%), the leg can extend to a
high degree, 2.44-2.61 rad. The defensive strike of E.
calcarata is performed by the metathoracic flexor tibialis
muscle and correlated with the structure of the legs. Any
predator that attacks the insect, if caught, would be grasped by
the metathoracic legs and impaled on the main femoral spine
by rapid initial contraction of the muscle, then it would be
held between the femur and tibial spines for a long time and
with high power during delayed contraction.

Determining the mechanical output of limb joints is critical
for understanding the control of complex motor behaviors
such as walking . The femur-tibia joint angle in the
jumping leg of the rabbit flea Spilopsyllus cuniculus can
extend to 2.27 rad ™. The joint in the locust allows
movement in one plane through approximately 2.79 rad 7.
The degree of the tibial extension of E. calcarata, 2.45 rad,
enables the insect to catch a relatively large object. The
largest object which the insect can impale on top of the main
femoral spine and hold between the main femur and tibial
spine, during the defensive strike, is about 13 mm in diameter
at flexion angle of 1.8 rad, which is large enough to be the
beak of a bird, the head of a lizard or the mouth of a small
mammal.

As the joint angle of the E-calcarata decreased from full
extention, the angular velocity of tibia initially showed a little
change, however, from 1 rad it increases rapidly. Also at the
start of tibial extension of locus, the tibia extends slowly and
when the tibia has extended by about 1 rad approaches to its
maximum velocity ). Many insects are powerful jumpers
with the best able to reach take off velocities as high as 5 m.s”
!in acceleration times less than 1 ms [“2. When a locust kicks
the tibia reaches peak extension velocities of typically 802.84
rad.s! ™31, Mantid shrimps strike at prey or predators with the
rapid extension, lasting only 4-5 ms under water ["!. In these
animals, high speed is more important than high power for
their behavioral function. The high speed would be produced
by rapid release of stored energy or fast twitch of muscle
fibers. However, in animals where power is more important
and the greater control of movement is required, the rapid
release of stored energy is not necessary. The Stick insect
(Crausius morosus) leg muscles contract and relax slowly.
Control of stick insect leg posture and movement could
therefore differ from that in animals with faster muscles 13,
The fiber arrangement in pinnate pattern, markedly increases
maximum muscle force but decreases maximum contraction
velocity ['>#4, There is no evidence that the E. calcarata uses
stored energy for its behavioral function. The strike by the
metathoracic leg of the male, with a duration of about 150
msec, from full extension to full flexion, and the maximum
angular velocity of tibia of 175 rad.s! at angle close to full
tibial flexion, is slower than some very fast insects e.g. it is
much slower than the strike by prothoracic leg of the praying
mantis, with a range of 520 — 1222 rad.s’!, which is very fast
[45. 91 and also slower than tibial extension of the locust hind
legs [71. This lower velocity may result from the compromise
of obtaining high velocity from a muscle which must retain a
capability for prolonged powerful contraction.

The maximum generated force, of 152.4 mN, by the muscle
of male E. calcarata, transfers through the tibia flexion to the
main femur spine with top area of about 0.2 mm?, thus the
insect would inflict an object on the main femur spine with
pressure of 7.6x105 N.m which is high enough to penetrate
the femoral cuticle of another male. The maximum calculated
power output of the flexor muscle is much higher than that of
the faster flexor and extensor tibialis muscles of the praying
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mantis which is in the range of other insects ¥, The maximum
measured torque acting about the femur-tibia articulation of
the metathoracic leg from the male E. calcarata, 9711
dyne.cm.rad’!, at femur-tibia joint angle of 0.35 rad, is much
higher than that of the prothoracic legs of the mantis, about
220 dyne.cm.rad! !, The force, the power produced by the
flexor tibialis muscle and the torque acting about the
articulation of the E. calcarata during defensive strike is
relatively higher than other insects, i.e. it will catch and
impale the object with relatively high rotational power on the
main femur spine during tibial flexion and hold the object
between the femur-tibia joint with high power.

The remarkable morphological difference between the male
and the female E. calcarata is between their metathoracic
legs. The most important adaptation of the male to its
defensive strike is the large and well developed metathoracic
femur armed with 4 spines, one of which is very large,
7.940.11 mm. The flexor muscle of the male is also much
more developed, faster and produces a greater power output,
due to its greater size, which is important for the defensive
strike. Also the metathoracic leg and the flexor tibialis muscle
of the male might be involved in aggressive actions 2.
Moreover, in their natural habitat the males come out more
frequently and are more exposed to predation than the
females, suggested idea by Robinson (1968) for the stick
insect, Onctophasma martini 61, Therefore, this might be a
matter of selection pressures favoring the evolution of more
lines of defense.

In conclusion, the principle behavioral functions of the male
E. calcarata are dependent on; the physiological and
mechanical properties of the metathoracic flexor tibialis
muscle, mechanical properties of the leg and the structure of
the femur-tibia articulation. The flexor tibialis muscle is quite
fast, does much work and generates high power output. The
torque acting about femur-tibia articulation is relatively high.
The power of tibial flexion for the defensive strike is more
important than the high speed of flexion. Since the insect does
not need to catch a predator unless a predator attacks the
insect. However, it needs to produce high power output to
impale the predator on the main femoral spine. The
differences between the male and the female must be related
to their different behavioral functions.
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