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Abstract. Each leg of a standing stick insect acts as a 
height controller. The leg contains several joints. Most 
of these joints are known to be controlled by feedback 
loops which are the basis of resistance reflexes (review 
B/issler 1983). This leads to the question of whether 
the resistance reflex of the whole leg can be under- 
stood as a simple, vectorial sum of the individual 
reflexes provided by the different joints, or whether 
additional properties emerge by simultaneous stimula- 
tion of several joints. Force measurements were per- 
formed while passively moving the middle leg tarsus of 
a fixed stick insect (Carausius morosus) stepwise to 
different positions. From the dynamic and static forces 
the torques developed by each joint were calculated. 
They were compared with the torques developed when 
only a single joint was moved by the same amount. 
The comparison shows that for a large range of posi- 
tions there are no differences between both situations. 
Differences occur in two cases. First, the muscle sys- 
tem controlling the coxa-trochanter joint seems to be 
more strongly excited when the entire leg is moved 
than when only the one joint is moved. This change 
increases the linearity of the whole system for small 
deviations from the zero position. Second, the torque 
developed by the extensor tibiae system for negative 
steps (corresponding to increased body height), and 
the levator of coxa and trochanter for positive steps, 
decreases rather than increases when the whole leg is 
moved to extreme positions. This contributes to a de- 
crease in the slope of the force-height characteristic 
and thus to a more non-linear behaviour of the whole 
system for the extreme positions. It is well known that 
the amplification factors of resistance reflexes in the 
leg show a large variation (B/issler 1972a; Kittmann 
1991). Our results indicate that any change of the 
amplification factor influences the reflexes in all leg 
joints in the same way. 

Correspondence to: H. Cruse 

Introduction 

The individual joints of a stick insect leg are controlled 
by negative feedback loops (femur-tibia joint: B/issler 
1965, coxa-trochanter joint: Wendler 1972; Schmitz 
1985; 1986a, b, thoracic-coxal joint: Graham and 
Wendler 1981; Schmitz 1985; for a review see B/issler 
1983). These controllers are sensitive to velocity and 
position and can, therefore, in technical terms be called 
P-D-controllers. These feedback loops cause the resis- 
tance reflexes observed when the leg joints are passively 
moved. In other experiments, where not just an individ- 
ual joint, but the whole leg is passively moved, or where 
the height control of the whole animal is investigated, 
the whole leg acts like a feedback controller with P-D 
properties (Wendler 1964, Cruse Riemenschneider and 
Stammer 1989, Kemmerling and Varju 1981, 1982, and 
in the walking animal: B/issler 1977, Cruse 1976a). The 
question arises as to whether these properties of the 
whole leg are merely the sum of the properties of the 
individual joints of the leg, or whether the movement of 
the whole leg involves additional mechanisms. In order 
to answer this question, experiments were performed in 
which the resistance reflexes of the three leg joints were 
investigated separately and compared with those when 
the entire leg is moved. For comparison, the torques 
developed by the single joints in the latter cases have 
to be calculated from the total force measured at 
the leg tip. 

Material and methods 

Adult female stick insects Carausius morosus were used 
in these experiments. The experiments were performed 
at the University of Kaiserslautern and at the Univer- 
sity of Bielefeld. In Kaiserslautern the animals were 
fixed dorsally to a holder by means of dental wax. The 
longitudinal axis of the body was horizontally oriented. 
The tarsi of the middle and hind legs were placed on 
balsa beams. One beam was fixed to a force transducer 
which could measure the force in either one or two 
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Fig. 1. Definition of the joint angles in the vertical plane. This is the 
plane of leg movement used in the experimental series two and three 

perpendicular spatial directions. By means of microma- 
nipulators the force transducer could be moved to 
different positions. In this way the leg was first moved 
to the "zero position". For  the middle leg, the results of 
which are described here, the zero position is defined in 
the following way (see Fig. 1): the femur is held hori- 
zontally, i.e., perpendicular to the vertical body axis, 
and perpendicular to the long axis of  the body. The 
tibia position is parallel to the vertical body axis. The 
angle between femur and tibia thus amounts to 90 deg. 
in the zero position. Starting from this position, the 
tarsus could be moved by hand using the micromanipu- 
lator to other positions. In the Kaiserslautern experi- 
ments, the tarsus was moved vertically upwards by 
either 3, 6, or 9 mm (positive steps) or downwards 
(negative steps) by - 2, - 4, or - 6 mm. The movement 
was carried out with a velocity of  about 10 mm/s. After 
this step the tarsus was held in the new position for 
4 min. The tarsus was then moved back to the zero 
position. The forces produced during this step and the 
position of  the force transducer were recorded on a pen 
recorder (Recomed, Hellige). The latter also served as a 
control for the velocity of  the movement. For  each step 
we evaluated the dynamic force value (the difference 
between the force exerted before the step and that 
exerted directly after the step movement was finished) 
and the static force (the difference between the force 
before the step and the force 4 min later, i.e., directly 
before the tarsus was moved back to the zero position). 
In this paper only the dynamic force values are used for 
further evaluation. After 4 min at the zero position the 
next step was performed. 

The results obtained in Kaiserslautern are shown in 
Fig. 6 and indicated by open circles. All other experi- 
ments were performed in Bielefeld. They differed in that 
the animal was fixed to a hard rubber foam (Veneret) 
holder, and all the legs except the left middle leg were 
fixed to the holder. The long axis of  the body was 
oriented vertically, i.e. parallel to the direction of  grav- 
ity. The step amplitudes were + / - 1 ,  + / - 3 ,  and + /  
- 5  mm in these experiments. The tarsus was fixed to 
the force transducer by means of  sticky wax. Control 

experiments showed no significant differences when the 
tarsus was not fixed by the wax but grasped the balsa 
beam actively. 

In order to measure the forces produced when a 
single joint is moved individually, the force transducer 
was mounted on a device such that it could be moved 
around a circle. The center of the circle was oriented 
below the axis of  rotation of  the joint to be investi- 
gated. As the thoracic-coxal joint is a ball and socket 
joint, its movement was split into two perpendicular 
directions, the movement in the vertical plane (in body 
coordinates) with the axis of rotation parallel to the 
long axis of the body (dorsal-ventral movement), and 
the movement in the horizontal plane (rostral-caudal 
movement). In the latter case the axis of rotation was 
parallel to the dorso-ventral body axis. When measur- 
ing the reflex of the femur-tibia joint, the femur was 
fixed to the holder and the tibia was fixed to the force 
transducer. When measuring the coxa-trochanter joint, 
the thoracic-coxal joint had to be fixed to  the body by 
means of  dental wax to avoid additional .movement of  
this joint. Then the femur was fixed to the force trans- 
ducer. As the coxa is too short to fix it to a force 
transducer, the thoracic-coxal joint had to be moved by 
attaching the force transducer to the femur. To measure 
the reflex reaction in the vertical plane, the coxa- 
trochanter joint, which operates in the same plane, was 
fixed by means of  dental wax, and the force transducer 
was attached to the femur. 

A reaction to movements in the horizontal plane of 
the thoracic-coxal joint was only obtained by moving 
the whole leg. In this experiment (first series mentioned 
below), the long axis of the body was also oriented 
horizontally, and the force transducer was mounted 
such that it could be moved in a horizontal circle. The 
centre of this circle was arranged exactly below the 
thoracic-coxal joint. The tarsus was placed on the force 
transducer. 

The spatial positions of  the leg parts in the different 
positions were measured by means of a binocular. The 
angles were first measured relative to a body-fixed 
coordinate system; later, the joint angles were calcu- 
lated from these data. The variation in the angle values 
shown in Figs. 2 and 5 is due to two causes; first, to 
errors occurring when reading the angle values by 
means of the binocular and, second, to interindividual 
changes of the angle values because of different limb 
lengths of the individual animals. 

Results 
Three series of experiments were performed. In the first 
series the tarsus of  the middle leg was moved, starting 
from the zero position, forward and backward along a 
circle around the vertical axis of rotation of  the thor- 
acic-coxal joint. In this experiment, the thoracic-coxal 
joint is mainly moved around its vertical axis of  rota- 
tion. However, movements occur also around the hori- 
zontal axis of rotation in this joint. Figure 2 shows the 
torques produced in this joint as a function of  the 
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Fig. 2a, b. Torques developed in the thoracic-coxal joint of the 
middle leg when the tarsus is moved in a circle in a horizontal plane 
(mean + / - E D . ) .  a ordinate: torque around the vertical axis of 
rotation, abscissa: angle between longitudinal body axis and the 
projection of the long axis of the coxa in the horizontal plane�9 
Forward movement of the tarsus increases the value of this angle, b 
ordinate: torque around the axis parallel to the longitudinal body 
axis. Abscissa: angle between vertical body axis and the long axis of 
the coxa�9 Downward movement of the coxa increases this angle (see 
Fig. 1). Note that the scale of the abscissa of b is twice that of a 

change of the joint angles�9 These represent the mean 
values from 17 animals�9 In these experiments the coxa- 
trochanter joint moves less than 2 deg. and the femur- 
tibia joint less than 5 deg. The results show that the 
torques produced around the vertical axis of rotation, 
i.e., those resisting the forward-backward movement of 
the joint (Fig. 2a), are of the same order of magnitude 
as those developed by the coxa-trochanter joint and 
the femur-tibia joint (see Fig. 5b, c). The torques 
developed by the thoracic-coxal joint around the hori- 
zontal axis, i.e., those resisting up-and-down move- 
ment (Fig. 2b), are much stronger. This shows that the 
thoracic-coxal joint is quite stiff for this direction. 
.This result agrees with findings shown in Fig. 5a 
(the mean start angle is different in both series of 
measurements)�9 

In a second series the tarsus was moved up and 
down along a line parallel to the vertical body axis. In 
this situation, the thoracic-coxal joint is only moved 
around its horizontal axis of rotation, not around its 
vertical axis. Thus the axes of rotation of all three 
joints, of the femur-tibia and the coxa-trochanter joint, 
and the horizontal axis of the thoracic-coxal joint, are 
perpendicular to the plane of movement (Fig. 1). This 
is supported by the fact that the torque around the 
vertical axis, measured in a control experiment using a 
differently oriented force transducer, was smaller than 
15 mNmm and thus was negligible. The torques devel- 
oped at the tibia-tarsus joint are less than 10 mNmm 
and will not be considered here. 

371 

a -3. 

>0-2. 
�9 T ! ,: 

b 

~8-3 

C -1!  

E 
0 .  

i 
I 

1 
TTT!~TI I  ~ 

, , , r~li~T'TZll  x" 

*5 *3 +1 -1 -3  -5 3 5 7 9 11 13 15 17 19 

step  size [ ram]  an ima l  no. 

Fig. 3. Slope of the resulting force vector (see Fig. 4a) with respect 
to a horizontal line in a body fixed coordinate system for the six leg 
positions (mean + / -S .D . ) .  The direction of the vector is neglected. 
Open circles: theoretical values which should have been obtained 
when no influences occurred from other joints (see text), b slope of 
the resulting force vector (mean of all six leg positions) shown 
separately for the 19 animals investigated 

In 19 animals the two force components in the 
vertical plane (see Fig. 4a, b) were measured for each 
step. Figure 3a shows the direction of the force vectors 
(slope of the resulting force vector in the body-fixed 
coordinate system) varying systematically from positive 
to negative steps. Figure 3b shows the mean slope of 
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Fig. 4a, b. Mean values of the dynamic force values obtained when 
the tarsus is moved in vertical direction, a The leg in zero position 
(0) and when moved by 5mm up (+5)  or down ( - 5 ) .  Resulting 
dynamic forces in a body fixed coordinate system for all six tarsus 
positions investigated ( +  l, + 3, + 5 , -  1 , - 3 , -  5). For scale see b. 
b Horizontal and vertical force component after normalization 
(closed circles). The number indicates the step size in mm. Force 
components directed to the body and upwards are positive. Ab- 
scissa: horizontal force component, ordinate: vertical force compo- 
nent. The absolute results of three extreme individuals are indicated 
by separate symbols. Those of the animal with the smallest force 
values (no. 1, Fig. 3b) are marked by (+) ;  two symbols (E3, x ) are 
used for the two individuals with the highest force values. One of 
these ( •  stands for the untypical animal no. 19 (Fig. 3b). The 
meaning of the open circles is explained in the Discussion 
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the absolute direction of the force vectors of each 
animal. The 19 animals are ordered on the abscissa 
according to their mean slope�9 (Later experiments, 
where the same animals were measured on eight consec- 
utive days, showed that the variation of the mean 
values shown in Fig. 3b is not due to variation between 
individuals, as similar variations are found for different 
experimental sessions with the same animal�9 

As is known from earlier investigations (B~issler 
1972a; Kittmann 1991), the amplification factor of the 
femur-tibia joint reflex depends on the inner state of 
the animal and can vary by a large amount (B/issler 
found the forces to vary by a factor between 1 and 
20). Variation in the amplification factor was also ob- 
served in our experiments when measuring the forces 
by moving the whole leg. Since, with one exception 
(animal no. 19, Fig. 3b), the force vectors of all ani- 
mals show about the same slope (which means that 
changes in the amplification factor influence all reflex 
systems in about the same way), a normalization of 
the values of  the different animals was performed as 
follows�9 The forces produced in the negative steps 
showed a nearly linear increase with step size, in con- 
trast to the forces of  positive steps�9 Therefore, as a 
measure for the different amplification factors, the 
mean value of  both components of the three negative 
step forces was calculated for each animal�9 These val- 
ues varied between 4.2 mN and 33 mN (i.e., by a ratio 
of  about 1 : 8). These values were used to normalize all 
force values of  this animal to the common mean. After 
normalization the force-step characteristics of  all ani- 
mals fall within a small range (Fig. 4b). To show the 
effect of  this normalization, the figure also contains the 
data of  three extreme individuals�9 

For 11 of these 19 animals the change of  the leg 
geometry during the steps was measured. From the data 
for each step a mean leg position and a mean value 
giving the angle changes for each step was calculated. On 
the basis of  the mean forces of these 11 animals, the 
torques which were developed by the individual joints 
for each step, were determined by means of a graphical 
construction (see Cruse 1976b). The results are given in 
Fig. 5 for all three joints�9 The slope in the force angle 
characteristic is much higher for the thoracic-coxal joint 
compared to that of the other joints. 

In a third series of experiments the torques were 
measured when the joints were moved individually 
("single joint movement")�9 This was done for the fe- 
mur-tibia joint with 11, for the coxa-trochanter joint 
with 6, and for the thoracic-coxal joint with 5 animals. 
The latter 5 and 6 animals are the same as the 11 
animals used in the investigation of the femur-tibia 
joint�9 This was done to enable us to compare different 
joints of  the same animal, and thus to minimize the 
changes of the amplification factors�9 However, it turned 
out that due to the unavoidable manipulations of the 
animal when changing the experimental device, the 
amplification factors varied considerably. Thus, the 
values of each animal had to be normalized individu- 
ally. This was done as described above (Fig. 4a), for the 
forces measured during movement of  the entire leg but 
now using the torque values. As torques and forces are 
directly related, the amplification factor is the same 
whether it is calculated on the basis of the torque or the 
force�9 Thus, the normalization influences the data in the 
same way as above�9 To this end, the normalization 
factor was again taken from the three torque values 
obtained when we increased the angle values (corre- 
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Fig. 5a-e .  Mean values of  the torques 
developed by the three leg joints 
between a thorax and coxa, b coxa and 
troehanter and e femur and tibia, when 
the joint is moved by a given angle 
(abscissa) from the zero position by 
moving the whole leg. Step size and 
direction is marked for the extreme 
cases ( + 5, - 5). For definition of  the 
angles see Fig. 1 



sponding to negative steps). The results can be seen in 
Fig. 6a, b, c for the three joints. The normalization 
factors varied between 1 and 7.7 for the thoracic-coxal 
joint, between 1 and 3.7 for the coxa-trochanter joint, 
and between 1 and 68 for the femur-tibia joint. Finally 
the ordinates of these three mean characteristics were 
multiplied by a factor to fit the results shown in Fig. 5a, 
b, c. The characteristic of the coxa-trochanter joint 
(Fig. 6b, crosses) shows a very different slope for 
positive and negative steps. Therefore, for the normal- 
ization in this case only the values of the other branch, 
namely that of the positive steps, were used. 

Discussion 

The question to be answered by this investigation is 
whether the resistance reflex which can be measured for 
the movement of the entire leg can be interpreted as the 
simple (vectorial) sum of the resistance reflexes which 
are known to exist in the individual leg joints. This 
requires a comparison of the torques generated in both 
situations, i.e., a comparison of the results shown in 
Figs. 5 and 6. 

A comparison of the absolute values is not possible 
because of the large variation in the amplification fac- 
tors (B/issler 1972a). The fact that in spite of this 
variation the force values after normalization fall within 
a narrow range (Fig. 4b) show that, for the whole leg 
movement, a change in the amplification factor influ- 
ences all force values, and thus all torque values, by the 
same amount. This indicates that the amplification fac- 
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tors of the individual joints do not vary independently 
from each other. Rather, these factors seem to change 
by the same amount for all leg joints. Our qualitative 
impression is that there is a general trend for the 
amplification factors to be higher and to vary less in the 
whole leg movements. 

When comparing the normalized data, no obvious 
differences can be found for most of the values between 
the torques of the single joint movements and those 
obtained for the whole leg movements. Nevertheless, 
there are two qualitative differences. In the whole leg 
movements, the torques of the coxa-trochanter joint 
and thoracic-coxal joint seem to decrease when the 
highest angle values are reached (Fig. 5). By contrast, 
for the single joint movements the torques continue to 
increase for even higher angle values (Fig. 6a, b). For 
the femur-tibia joint a corresponding situation is found 
for the lower angle values (Fig. 6c). Because of the 
large S.D. this decrease of the torque at the extreme 
values is not significant. However, much the same re- 
sults were obtained in an experiment which was per- 
formed several years ago with 16 animals in 
Kaiserslautern. The result of these experiments are also 
given in Fig. 6b, c (open circles). Although the decrease 
of torque values is not significant, the mean value is 
significantly smaller (p < 1%) than the value expected 
if the torque had increased as observed in the single 
joint movements. 

One could argue that the decrease of the torques for 
the extreme values in Fig. 5 may simply be due to the 
fact that, when moving the whole leg, the velocity of the 
angular movement is not the same as that of the tarsus, 
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Fig. 6a -c .  Torques  developed by the three 
joints, when the joints between thorax and 
coxa a, between coxa and trochanter  b and 
between femur and tibia e are moved 
separately (crosses, mean + / - S . D . ) .  These 
values are compared with the torque values 
shown in Fig. 5 (closed circles) and another  
series performed by a similar measurement  
(open circles) in which the whole leg is 
moved�9 Note that  the ordinate of  a has  a 
different scale than  that  o f  b, c and of  Fig. 
5a, b, c 
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but depends upon the range of the movement. As the 
dynamic part of  the reaction depends on the stimulus 
velocity (B/issler 1972b), this might influence the result- 
ing force. However, similar results are also found for 
the static forces, i.e., those forces measured four min- 
utes after the leg was moved (not shown here). Thus, at 
least the latter results cannot be explained by possible, 
small differences in angular velocity. 

Another, even more obvious difference between both 
measurements can be observed for the torques of the 
coxa-trochanter joint. When moving this joint individu- 
ally, the slope of the characteristic differs considerably for 
positive and negative steps. This difference amounts to a 
factor of about 5 (Fig. 6b). This agrees qualitatively with 
the results of Schmitz ( 1988a, b) who found a factor of 
3.6. The latter value was obtained for the angles between 
145 and 165 deg. and Schmitz found that this difference 
increased for smaller angle values. When the whole leg is 
moved, no significant difference is found for positive and 
negative steps in the linear part of the reaction (Fig. 5b). 
This is also true for the experiment with horizontally 
oriented animals (Fig. 6b, circles). In another investiga- 
tion, Schmitz ( 1985, Fig. 3c) measured the force develop- 
ment of the coxa-trochanter joint while moving the whole 
leg. In this experiment the coxa-trochanter joint was 
moved stepwise in both directions, and the force value 
was again about the same in both cases. 

When the joints were moved individually, the limb 
was fixed to the force transducer. One could argue that 
the differences found in the reflex responses are due to 
the fixation of the limb and thus to a different stimulation 
of leg sense organs, in particular the campaniform 
sensillae. However, the qualitative results for the coxa- 
trochanter joint were the same in the following, addi- 
tional experiment (2 animals). Here, as in the experiments 
where the entire leg is moved, the tarsus, rather than the 
femur, was fixed to the force transducer and was moved 
in a circle around the coxa-trochanter joint so that the 
angle of the femur-tibia joint was held constant. 

The shape of the torque angle characteristics mea- 
sured for the individual joints (Fig. 6) cannot easily be 
quantitatively compared with other results from the 
literature. Although several investigations exist, a some- 
what different method was used in each case. Schmitz 
(1986a, b) used the same method to investigate the 
coxa-trochanter joint, but measured only the reaction 
to + / - 1 0 d e g .  stimuli in different angle ranges. As 
mentioned above, as far as a comparison is possible, his 
results agree with ours. Wendler (1972) also investi- 
gated the coxa-trochanter joint, but presented only 
electrophysiological recordings from the depressor 
muscle nerve during sinusoidal stimulation. The femur- 
tibia joint has been thoroughly investigated, however, 
force measurements of steps of different sizes are only 
published for negative steps, i.e., stimuli exciting the 
flexor force (Storrer and Cruse 1977). Although the 
method was different - the leg joint was held fixed and 
the joint movement was simulated by stimulating the 
appropriate receptor, the chordotonal o r g a n -  the re- 
sults agree with our findings. B/issler (1965) used the 
same stimulation, but measured the amplitude of the 

freely moving tibia. He also found a monotonic in- 
crease in the reaction and a smaller response of the 
extensor tibiae muscle compared to the flexor system. 
No data are known from the literature concerning the 
vertical movement of the thoracic-coxal joint. Move- 
ments of this joint in the horizontal plane around a 
vertical axis of rotation have been done by Schmitz 
(1985). The joint was moved by 15 deg. in the anterior 
direction and back to the 90 deg. starting position. The 
amplitude of the force change was the same in both 
directions which agrees with our results, as can be seen 
from the characteristic shown in Fig. 2, which has a 
symmetrical form. Electrophysiological investigations 
also exist (Graham and Wendler 1981; Graham 1985), 
using sinusoidal stimulation, but permit no comparison 
with our force measurements. 

Although, the comparison between Figs. 5 and 6 
permits the following interpretation: basically, the leva- 
tor trochanteris system seems to be more strongly ex- 
cited when the whole leg is moved. With this exception 
the results show that within a given range - from step 

- 3 to step + 3 - the behaviour of the whole leg shows 
no difference to that expected if the joint reflexes 
worked independently from each other. However, when 
the leg reaches the extreme positions of step + 5 or - 5, 
the reflex amplitudes of the femur-tibia joint or of the 
two joints between coxa and trochanter, and between 
thorax and coxa, respectively, are diminished compared 
to the reflex when these joints are moved separately. 
Thus, when the whole leg is moved, i.e., in the more 
biological situation, some muscles decrease their force 
output when moved to the extremes. These muscles are 
the extensor tibiae for the femur tibia joint, and the 
levator trochanteris for the coxa-trochanter joint. If  this 
had not been the case, the direction of the force vectors 
would have depended less on the step size and direction 
than shown in Fig. 3a. The force directions which 
would have appeared if the muscles had increased their 
force as when being moved individually, are shown as 
open circles for step +5  and - 5  in Fig. 3a. The 
corresponding changes in the force vectors are indicated 
in Fig. 4b by open circles. This shows that the ampli- 
tude of the force vector is smaller when the whole leg is 
moved. It should be mentioned that a change of reflex 
sign, which was reported in an earlier abstract (Dauten- 
hahn and Cruse 1990), could not be supported by the 
more detailed experiments described here. 

The joint torques may be biologically less important 
than the force output, in particular the component 
acting parallel to the vertical body axis. This is the 
component that provides support for the body when 
the animal stands on a horizontal plane. Although the 
torques may decrease at the extreme positions mea- 
sured, this force value is increased monotonically with 
step size (Fig. 4a, ordinate, see also Wendler 1964; 
Cruse et al. 1989). This is also the case for several other 
starting positions of middle and hind legs with only 
minor quantitative differences. The results of these ex- 
periments are not shown in detail here. They were 
obtained in experiments with the animals oriented hori- 
zontally, and with the following starting positions for 



the middle  leg: two s tar t ing pos i t ions  differed f rom the 
zero pos i t ion  used here because  the tarsus  was m o v e d  
hor izon ta l ly  ei ther 5 m m  away  f rom,  or  5 m m  to, the 
body .  Two o ther  s tar t ing pos i t ions  were ob ta ined  by 
mov ing  the tarsus  f rom the la t te r  pos i t ion ,  or  f rom the 
zero pos i t ion  in a circle a r o u n d  the ver t ical  axis th rough  
the coxa  by  30 deg. in the an te r io r  direct ion.  These 
exper iments  show fu r the rmore  tha t  the result  o f  Fig.  5 
is no t  dependen t  on  whether  the long axis o f  the b o d y  
is o r ien ted  vert ical ly,  i.e., para l le l  to  the d i rec t ion  o f  
gravi ty ,  or  hor izonta l ly .  Thus,  concern ing  the vert ical  
force componen t ,  a change  o f  the ampl i f ica t ion  fac tor  in 
the leva tor  system increases the l inear i ty  o f  the system in 
the whole  leg movement ,  whereas  a decrease o f  the 
to rques  at  the ext reme pos i t ions  changes  the l inear  
behav iou r  such tha t  the character is t ics  show a k ind  o f  
sa tu ra t ion  effect a t  extreme values.  

The  results  show tha t  el ici t ing a reflex in one jo in t  
can also influence the reac t ion  in another .  Such dis- 
t r ibu ted  reflexes were descr ibed  earl ier  on the basis  o f  
e lec t rophys io logica l  invest igat ions.  F o r  crus taceans ,  
C la rac  (1977) and  Ayers  and  Davis  (1977, 1978) descr ibe 
reflexes which excite muscles  extr insic to the passively 
moved  jo int .  A n  interest ing example  was descr ibed by  
D e l c o m y n  (1971) for  the cockroach .  He  extended the 
femur- t ib ia  jo in t  and  thereby  el ici ted an exci ta t ion  o f  the 
flexor muscle which was no t  measu red  as such. Ins tead ,  
he recorded  f rom the extensor  muscle in the coxa  which 
co r re sponds  to the Depres so r  t rochanter i s  in the stick 
insect. Ex tend ing  only  the t ib ia  also excited the depres-  
sor.  In  our  exper iments  with negat ive  steps the F lexor  
t ibiae  is excited toge ther  with the Leva to r  t rochanter i s  
because  here the coxa - t rochan te r  j o in t  is no t  fixed, bu t  
also extended.  On  the basis  o f  the reflex found  in the 
cock roach  one would  expect  tha t  the exci ta t ion  o f  the 
Le va to r  might  be smal ler  t han  when the coxa - t rochan te r  
is m o v e d  alone.  However ,  the exact  oppos i te  was found  
(Fig .  6b). One possible  in te rp re ta t ion  is tha t  the reflex 
found  in the cock roach  does  not  exist in the stick insect. 
The  o the r  in te rp re ta t ion  is that ,  in bo th  cases, the  jo in t  
reflexes ope ra te  together  in o rder  to move  the t ip o f  the 
leg, the tarsus,  in a d i rec t ion  oppos i te  to the imposed  
movement .  This  would  be a consis tent  exp lana t ion  for  
bo th  exper iments .  
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