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Abstract This paper concentrates on the system that
controls the femur-tibia joint in the legs of the stick in-
sect, Carausius morosus. Earlier investigations have
shown that this joint is subject to a mixture of propor-
tional and differential control whereby the differential
part plays a prominent role. Experiments presented here
suggest another interpretation: single legs of a stick in-
sect were systematically perturbed using devices of dif-
ferent compliance and compensatory forces and
movements monitored. When the compliance is high
(soft spring), forces are generated that return the leg
close to its original position. When the compliance is low
(stiff spring), larger forces are generated but sustained
changes in position occur that are proportional to the
force that is applied. Selective ablation of leg sense or-
gans showed that the leg did not maintain its position
after elimination of afferents of the femoral chordotonal
organ. Ablation of leg campaniform sensilla had no ef-
fect. These data support the idea that different control
strategies are used, depending upon substrate compli-
ance. In particular, what we and other authors have
called a differential controller, is now considered as an
integral controller that ‘‘intelligently gives up’’ when the
correlation between motor output and movement of the
leg is low.
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Introduction

Control of behavior has to deal with the problem of
reaching a given goal even if obstructions occur. Pre-
dictable obstructions could be treated by using an
internal world model. In the case of unexpected changes,
a controller can be used that exploits feedback signals in
order to compensate for the disturbance. When only one
value, for example a joint position, or a velocity, has to
be controlled, such a controller could be implemented as
a proportional controller (P-controller), an integral
controller (I-controller), a differential controller (D-
controller), or different combinations of these. These
different types of negative feedback systems can be dis-
tinguished experimentally. A negative feedback system
with an I-controller is characterized by its property to
completely compensate the effect of a disturbance. A P-
controller instead only compensates for a given ratio. If
a pure D-controller is applied, there is a fast counter-
action to the dynamic part of the disturbance, but no
compensation of the static part.

Technical solutions are often realized as PID-con-
trollers. In biological systems most often P- or PD-
controllers are applied (e.g., Cruse 1996). An apparent
exception is given by the resistance reflex in insect leg
joints. The system controlling the femur–tibia joint in
stick insects has been intensively studied (Bässler 1965,
1983; Bässler and Büschges 1998). The leg of a stick
insect contains three joints, the thoracic-coxal joint, that
moves the leg mainly in forward–backward direction,
the coxa-trochanter joint, that moves the leg up or down
controlling body clearance, and the femur–tibia joint (or
‘‘knee’’ joint), that controls the distance between body
and tarsus (leg tip) and therefore also contributes to
body clearance (Fig. 1a). The femur-tibia joint is moved
by the extensor tibiae and the flexor tibiae. Its angular
position is monitored by the femoral chordotonal organ
situated at the basis of the femur and connected to the
tibia via a long receptor apodeme (Bässler 1983). An
externally applied stepwise flexion of the joint is opposed
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by the extensor muscle. The same effect can be found
when only the chordotonal organ is experimentally
elongated. Correspondingly, extension of the femur–ti-
bia joint results in an activation of the flexor muscle.
This resistance reflex represents a negative feedback
controller.

Typically after stepwise activation, the flexor force
first increases but then decreases to nearly zero with a
time constant in the order of seconds. This result was
confirmed in many different experiments (reviews Bäss-
ler 1983; Graham 1985; Bässler and Büschges 1998)
using different stimulation procedures (mainly step
functions, but also ramp functions and sinusoidal input).
It led to the interpretation of the femur–tibia controller
as a D-controller, because the resistance reflex at first
opposes the external disturbance, but this effect ceases
after some time. Such a solution is unusual in technical
systems.

Recently, Bartling and Schmitz (2000) reported that,
in free walking stick insects, the force developed by a leg
in normal walking depends on the compliance of the
substrate. On stiff ground, the forces pointing away
from the body are larger than on soft ground. Bartling
and Schmitz (2000) did not investigate this phenomenon
systematically. In the present study, we examined the
activity of the femur–tibia joint in dependence on sys-
tematic variation of the substrate’s compliance. Our new
results show that the time course of the force developed
by the leg strongly depends on the compliance. Only
quite stiff substrate elicits a reaction of predominantly

D-type as described above, medium stiffness leads to a
predominantly P-type reaction, whereas very soft sub-
strate reveals the property of an I-controller, which acts
against a disturbance and maintains the original position
of the leg over more than an hour.

As compliance is defined by the relation between
distance moved and necessary force, these two values
have to be measured by the leg. If the force and position
signals are strongly correlated, compliance is high. If
force changes are not paralleled by changes in position,
the correlation is weak. There are position sensors (e.g.,
the chordotonal organ) and force sensors (e.g., the
campaniform sensilla) to actually measure the two
variables. As an alternative, instead of using the force
sensors, the CNS could also exploit the efference copy of
the signals sent to the muscles. Destruction of the
campaniform sensilla should show whether these sense
organs play a critical role for the determination of
substrate compliance. According to the present results
this is not the case.

Materials and methods

Adult female stick insects (Carausius morosus) were used
throughout. The animal was fixed dorsally to a holder
with the body long axis pointing in the horizontal
direction. Animals were brought to hold both front legs
in the thanatosis position, i.e., pointing straight forward
parallel to the long axis of the body. Both hind legs and
the right middle leg were placed on fixed balsa wood
beams with a distance of 30 mm between the beam for
the left legs and that for the right legs. These legs were
placed in a normal standing position. The left middle leg
was placed on a separate balsa beam, which was fixed to
an elastic band made of spring steel (13 mm broad,
0.05 mm thick) of variable length (Fig. 1b). In ‘‘zero
position’’ the orientation of the middle leg femur was
horizontal and that of the tibia vertical, forming a fe-
mur–tibia angle of 90�. The plane formed by femur and
tibia was perpendicular to the long axis of the body.

The stimulus was applied to the leg by moving the
basis of the steel band stepwise by a given distance in
horizontal direction to or away from the body (i.e.,
along the transverse body axis). This geometrical
arrangement stimulated mainly the femur–tibia joint,
but allowed for a natural reaction of the whole leg: a 5-
mm movement of the tarsus corresponds to a change of
approximately 27� in the femur–tibia joint and 7� in the
basal joints, i.e., the sum of the movement in the coxa-
trochanter joint and the neighbouring thoracic-coxal
joint. Approximately the same relation applies to the
joint torques due to the stimulus. A control experiment
has shown that in the thoracic-coxal joint no significant
forces have been measured in the direction of the body
long axis, i.e., in forward–rearward direction.

For the application of small movements (0–20 mm)
the steel spring was pointing vertically up (Fig. 1b) with
its basis fixed to a micromanipulator (MM33). Move-

Fig. 1 a leg morphology, b basic experimental design. The stick
insect is fixed dorsally to a holder. Front legs point straight forward
parallel to the long axis of the body (thanatosis). Right middle leg
and both hind legs stand on solid substrate. The left middle leg
stands on a platform that is fixed to a vertical elastic band made of
spring steel of variable length. The basis of the steel band can be
moved to the right or to the left (lower scale) in order to apply
horizontal forces to the leg. The resulting leg position is recorded
(upper scale)
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ment velocity at the mircomanipulator was 1 mm s)1.
For these experiments N=6 animals were used with nine
measurements for each animal and leg position (n=54).
For large displacements and higher forces, the steel band
was mounted on a self-constructed turn table, now
pointing in the horizontal direction. For these experi-
ments N=10 animals were used with one measurement
per animal and leg position (n=10). According to a
control experiment the time-course of the force applied
to the leg followed the hand driven movement of the
micromanipulator without visible distortion, except for
a small time delay. For the softest spring steel used this
delay was ca. 0.05 s (Fig. 4). In the experiments using
the horizontal steel band, the duration of the stimulus
ramps varied between 0.3 and 1.0 s depending on the
stimulus amplitude. By variation of the length of the
steel band between 8 and 17 cm the spring constant
(spring stiffness) could be changed between 0.252 and
0.007 N m)1.

The movement of the leg tarsus was directly recorded
using a video camera and a monitor (spatial resolu-
tion ±0.25 mm). It has been known for some time that
the reaction of the femur–tibia joint contains a strong
phasic part. Therefore, the reaction (i.e., the resulting
position) of the leg to the stepwise input was measured
directly after the stimulus, i.e., when the maximum force
is developed by the leg to oppose the external distur-
bance, and after 3 min. The first is called the dynamic
response, the second is called the static response. After a
step of 3 min has been applied, the steel band is moved
back to its zero position. If the leg does not move back
to its zero position on its own, it is placed back by hand
and held there for about 3 min. The leg then maintains
this new position by itself (flexibilitas cerea, Bässler and
Foth 1982). After a pause of another 3 min another
stimulus is applied. Stimuli of different amplitudes are
given in randomized order.

The results are shown by plotting the movement of
the leg tarsus versus the force applied to the leg. In these
diagrams (Fig. 2) we show the static force values only.
Static forces are not influenced by the speed of the
stimulus ramp, but only by its amplitude. In the other
diagrams both the static and the dynamic responses are
given.

The experiment was repeated after the receptor apo-
deme of the femoral chordotonal organ has been cut.
The latter experiment was performed to test the contri-
bution of the chordotonal organ to the response ob-
served. In the second experiment, all four groups of
campaniform sensilla situated at the trochanterofemur
joint (Bässler 1977) were destroyed (for details see Sch-
mitz 1993). In each experimental series, N =8 animals
were investigated using a stiffness of 0.051 N m)1 and
six different step sizes (horizontal steel spring). The
experiments were performed 1 h, 1 day, and 1 week
after the operation. In each case, each animal was tested
once for each step size.

For the soft substrates (spring constant £ 0.252
N m)1, Figs. 2, 4 and 6a), the force that was applied to

the leg could be calculated from the movement of the
steel spring and its spring constant. This is possible be-
cause in a static situation, the force developed by the leg
must exactly correspond to the force developed by the
elastic spring. For stiffer substrates (Figs. 5 and 6b, c),
force was measured with strain gauges (Vishay type
SPB3-18-100) glued to the spring steel band, because in
these cases the movement of the spring was too small to
be measured.

Results

Static behavior

The platform on which the middle leg is standing
develops a force onto the leg, when the basis of the
platform is moved stepwise. As a consequence, the leg
opposes this externally applied force. Generally, the

Fig. 2a, b Leg position versus force. a Static response for different
substrate stiffnesses (see inset) and different forces applied, mean ±
SD. Open symbols: vertical spring steel (N=6, n=54); closed
symbols: horizontal spring steel (N=10, n=10), all animals intact,
x: receptor apodeme of the chordotonal organ cut (N=8, n=8;
results shown are measured 1 day after operation). SD is not shown
if smaller than symbol size. b corresponding experiments with low
stiffness and different scaling (abscissa) to allow for a better
resolution
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counteracting force developed by the leg is smaller when
the basis of the platform is moved away from the body.
This agrees with earlier measurements and the obser-
vation that the flexor muscle is much stronger than its
antagonist, the extensor muscle. A qualitatively new
result is, however, the following. When varying the
compliance of the substrate by changing the length of
the steel spring, the behavior of the leg shows dramatic
differences: for a very soft spring and within a definite
range of applied forces, leg position is kept fixed. This
range depends on the stiffness of the spring. For less
compliant substrate, i.e., stiffer springs, apart from a
short and small dynamic response, the leg holds the
platform in a fixed position which is proportional to the
force applied. Furthermore, the relative size of the dy-
namic response increases, when the substrate gets stiffer
(see below).

At first, we concentrate on the static response to a
stimulus where the leg is moved away from the body,
i.e., on forces developed by the flexor muscle. Fig. 2a
shows some selected position—force plots for different
compliances (stiffness between 0.019 and 0.252 N m)1,
open symbols: vertical spring, closed symbols: horizon-
tal spring steel). Fig. 2b shows the results for low stiff-
ness (0.007–0.044 N m)1, vertical spring) with expanded
abscissa. For a stiffness lower than about 0.05 N/m, the
leg does not move up to an applied force of about 1.2–
1.7 mN, depending on the compliance (values deter-
mined by calculating the regression lines of nonzero
force and their section with the abscissa). This behavior
corresponds to that of an I-controller, because the leg
maintains its original position in spite of the externally
applied forces. For higher forces, there is a deviation
from the starting leg position that is about proportional
to force applied. This corresponds to the property of a
P-controller. For stiffer substrate (0.112, 0.252, but also
0.09 and 0.15 N m)1, not shown), the proportional
behavior already begins with the smallest forces applied
in these experiments, i.e., below 1 mN. This indicates
that both parameters, force applied and compliance of
the substrate are critical parameters that determine the
properties of the controller (see Discussion, Fig. 8).

To test the long-term behavior of the I-controller, in a
separate experiment the leg was moved away from the
body (distal direction) for 90 min by 15 mm, corre-
sponding to a force of 0.66 mN (Fig. 6a, stiffness
0.044 N m)1, N=9 animals). Over this long period
individual animals eventually moved their legs in dif-
ferent directions, but apart from the already mentioned
brief dynamic effect (for details see below) there was no
significant change in leg position on average. Note that
in Fig. 6 for better illustration, the force developed by
the leg is shown instead of leg position (see Materials
and methods).

Yox et al. (1982) describe a catch effect for locust leg
muscles showing that muscles can oppose force without
specific excitation. In order to test whether the property
of the leg to hold position for small stiffness is simply a
muscle property, and not due to a feedback system, the

basic experiment (Figs. 1b, 2) was repeated before and
after ablation of the femoral chordotonal organ which
monitors the position of the femur–tibia joint. To this
end, the receptor apodeme is cut (Bässler 1983). Fol-
lowing this operation, already the smallest stimulus
leads to a large deviation of the leg (stiffness
0.051 N m)1, Fig. 2a, crosses).

The experiments described above for stimulation in
distal direction (Fig. 2) have also been repeated in
proximal direction to investigate the properties of the
controller of the antagonistic extensor muscle. The
movement of the vertical spring steel basis was 0, 5, 10,
15, and 20 mm (not shown). As mentioned, extensor
forces are smaller compared to those developed by the
flexor muscle in accordance with the results from the
literature (Storrer and Cruse 1977, found a factor of
about 3). Data collection was more difficult for the
extensor muscle because when moving the platform to
the body, the tarsus often refrained to hold the platform.
Qualitative observation showed that also the latter
behavior seemed to depend not only on the force ap-
plied, but on the compliance of the substrate, similarly
as found for the transition between I-control and
P-control in the flexor muscle.

Gain of the controller of both flexor and extensor muscle

In order to obtain a comprehensive overview on the
behavior of both muscles of the femur–tibia control
system, the compliance of the controller was estimated
in the following way: Separately for both flexor and
extensor muscles, for each substrate compliance inves-
tigated, the slopes of the regression lines have been
calculated for the leg position versus force applied
experimentally. This gives the compliance of the bio-
logical controller in m/N. This calculation has been
performed for static and for dynamic values, but was
restricted to the range of I-control in those cases where
both I-control and P-control was found. The results in
Fig. 3 show that the controllers for both muscles have

Fig. 3 Compliance of the biological controller for different
substrate stiffnesses, separately shown for the flexor muscle, the
extensor muscle and for static and dynamic responses. Mean values
(N=6, n=54 for stiffness <1 N m)1, N‡10, n=10 otherwise)
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qualitatively similar properties. For small substrate
stiffness, there is a range of I-control (controller com-
pliance=0). With increasing substrate stiffness, the
compliance of the controller first increases, but then
seems to level off at a somewhat smaller value. Gener-
ally, compliance of the extensor muscle is higher than
that of the flexor muscle. Similarly, the compliance of
the static responses is smaller than that of the dynamic
parts.

Dynamic properties

In the following, the dynamic properties of the con-
troller are considered separately in the situation when
the controller behaves as an I-system and when it be-
haves as a P-system or a D-system.

What are the dynamic properties of the I-controller?
Only the flexor part is investigated, because the flexor
muscle shows the broader range of I-control (see Figs. 3
and 8). A soft substrate (stiffness 0.019 N m)1, hori-
zontal steel spring) and two different stimuli were used:
moving the micromanipulator stepwise by applying a
force of 0.8 and 1.3 mN, respectively, to the leg (mean
ramp duration 0.6 s). Movement of the stimulus and the
leg was recorded with a video camera and later evalu-
ated on a single frame basis (S-VHS, 50 frames s)1,
spatial resolution ±0.25 mm). Mean values of stimuli
and responses are shown in Fig. 4. The delay of 0.05 s
produced by the mechanics of the soft spring (see
Materials and methods) is already compensated for in

this figure. The results show that using the 0.8-mN
stimulus there is no detectable deviation apart from the
small dynamic effect (Fig. 4a). For the 1.3-mN stimulus
which is near the margin of the I-range, a small constant
deviation of about 0.15 mm is observed (Fig. 4b).

Note that the dynamic part of the responses mea-
sured (approximately first 300 ms) shows considerable
individual differences which is particularly obvious in
Fig. 4a. Therefore, the detailed time-course of the mean
values is not a sensible representation of individual time-
courses. This is different for the static part (see the small
SDs). In Fig. 4b, however, the large SDs in the static
part do not result from hidden dynamics, but from a
variation of the static positions each leg assumes in the
different experiments.

In which way do the dynamic properties of the P- and
D-controller depend on the compliance of the substrate?
To test a broader range of substrate compliances, in
another experimental series step responses for stiffer
substrates have been studied. To compensate for the
influence of the different compliances on stimulus
amplitude, in these experiments the amplitude of the
movement of the spring steel basis was chosen in such a
way that the stimulus applied at the leg always showed
an effective amplitude of 5 mm. Ramp duration was
between 5.8 and 2.4 s (Fig. 5a–d). Mean values for a
substrate stiffness of 1.07, 1.78, 53.9, and 86.3 N m)1 are
shown in Fig. 5. In Fig. 5a–c the time-course is shown
for 300 s (5 min) with a higher time resolution during
the first 12 s following the step. In Fig. 5d the values are
plotted for 30 min. Note that ordinate scales are differ-
ent in each panel. The results show that the dynamic
part of the response increases considerably when the
substrate gets stiffer. For the highest stiffness investi-
gated, the force value was not significantly different from
zero after about 20 min.

Detection of substrate compliance

If the behavior of the controller depends on the sub-
strate compliance, the animal should adapt to changes of
substrate compliance if only substrate compliance, but
not leg position is changed. This prediction was tested in
the following way. The leg was placed on a special soft
steel spring (stiffness 0.034 N m)1) whose upper part
(3.5 cm) was stiffer and equipped with a pair of strain
gauges. As in some of the earlier experiments (Fig. 2),
the basis of the vertical spring was moved distally by
10 mm. This produced a static force (mean = 0.89 mN)
which had to be counteracted by the flexor muscle. Then
a clamp was applied to the steel spring in such a way that
the free length of the spring above the clamp was
shortened to 3.5 cm and thereby stiffened (83.4 N m)1).
Care was taken to move the platform with the leg as
little as possible during this procedure. Control experi-
ments with just clamping the spring the same way but
then loosen it again showed no long term effect on the
behavior of the leg. This means that small disturbances

Fig. 4a, b Dynamic response (leg position, see right ordinate) in the
I-controller range. Response of the flexor muscle. Substrate
compliance 0.019 N m)1. Two stimuli (left ordinate), a 0.8 mN, b
1.3 mN, the time-courses of which are shown by the mean value of
all stimulus traces. a: n=23, N=6 animals, b n=20, N=5 animals
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unavoidable during this clamping procedure do not
influence the results. When however, in the critical
experiment, the clamp remained fixed, the force devel-
oped by the leg dropped from 0.89 mN to a value of less
than 0.2 mN during about 20 min (Fig. 6b, N=12 ani-
mals). The function can be approximated by an expo-

nential curve. This result shows not only that animals
can detect a change in substrate compliance, but also
that a stiff substrate leads to a decrease of force in the
long run. The question remains open of how the sub-
strate compliance can be detected although no apparent
movement has taken place? A first hint is given when

Fig. 5a–d Step response of the
flexor muscle for different (high)
substrate stiffness. Stimulus
applied at leg tip is 5 mm in all
cases. N‡10 animals for each
substrate. Note that ordinate
scales are different in all four
panels. In d the scale of the
abscissa differs from that of a,
b, and c

Fig. 6a–c Reaction to changed
substrate compliances.
a Control showing the
long-term behavior (box-and-
whisker plots showing 5 and
95% limits), stiffness
0.044 N m)1, N=9. b Decrease
of the force developed by the leg
after fixing the position of
substrate by means of a rigid
clamp. Stiffness before
clamping: 0.034 N/m, after
clamping: 83.4 N m)1, N=12
animals. c Three sections of a
single run of the experiment
shown in b
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looking at Fig. 6c, which depicts a single run of this
experiment with higher temporal resolution: there is no
steady decrease of the force. The force developed by the
leg rather appears to increase and decrease in an irreg-
ular manner, as if the leg actively tested the compliance
of the substrate.

To detect substrate compliance a correlation between
change in substrate displacement and in force developed
by the muscles has to be observed. Displacement of the
femur-tibia joint can be measured by the femoral
chordotonal organ. Change in force/load could be
measured by the campaniform sensilla situated at the
trochanter and femur (Bässler 1977). Information on
force change could also be gained in the form of an
efference copy by exploiting the signals that control the
motor output of the corresponding muscles. Both pos-
sibilities could be used in parallel. In order to test whe-
ther the campaniform sensilla play a critical role, the
basic experiment as shown in Fig. 2 (open circles, hori-
zontal steel band) is repeated for a substrate stiffness of
0.051 N m)1, before and after the four fields of cam-
paniform sensilla have been destroyed (N=8 animals).
Results show that no significant differences can be found
between intact and operated animals for both the dy-
namic and the static case (the latter is shown in Fig. 7).
This excludes the possibility that these campaniform
sensilla are exclusively used to detect substrate compli-
ance. Instead, an efference copy signal has to be used,
but campaniform sensilla might be used in parallel.

Discussion

The experiments presented here investigate the system
that controls the leg position of a standing insect. Leg
position and the experimentally applied forces are cho-
sen in a way that the measured responses are mainly due
to response of the femur-tibia joint. The following dis-
cussion concentrates on the control of the femur-tibia
joint. As this joint and the other, more proximal joints

(coxa-trochanter joint, thoracic-coxal joint) form a serial
chain, all the joint controllers in principal must react the
same way (except for the case that a joint reaches a
mechanical limit or that one joint is held rigid by strong
cocontraction of its antagonistic muscles).

Control strategies depend upon substrate compliance

Earlier results have shown that the femur-tibia joint
controller can be described as a D-controller, as it
adapts to a stepwise stimulation with a response that
decreases to nearly zero force output with a time con-
stant in the order of seconds (the time constant for the
flexor muscle being smaller than that for the extensor
muscle). Our results demonstrate that the underlying
controller could be of I-type (Figs. 2, 4 and 6a), of
predominantly P-type (Figs. 2, 5a and 6a), or of pre-
dominantly D-type (Fig. 5c, d), depending on the size of
the applied force and the compliance of the substrate.
The ranges are illustrated in Fig. 8 for the flexor muscle.
If governed by an integral controller, the legs show no
detectable movement when an external force is applied
(Fig. 8, open circles). Being subject to a proportional
controller, leg position depends in a proportional way
upon the applied force (Fig. 8, closed circles). The leg
develops some force, which however is not sufficient to
maintain the original position of the leg. If governed by
a D-controller, at the beginning of the disturbance, the
leg develops an opposing force which decreases to near
zero after some time (Fig. 8, crosses).

In the experiments presented here the animals were
always fixed to a dorsal holder. Can the results also be
applied to free standing animals? Diederich et al. (2002)
investigated animals that stood on a horizontal plane
with a weight pulling the body sideways in horizontal
direction. The results showed that the leg controllers
behave as I-controllers for small weights and as P-con-
trollers for large weights in qualitative agreement with
the results shown here.

Our results reveal that the leg controller gets stiffer,
when the substrate is soft (Fig. 3, left part), and in-

Fig. 7 Leg position versus force, static response (as in Fig. 2a).
Comparison between animals before and after ablation of
campaniform sensilla (mean±SD, N=8, n=8). Measurements
1 h, 1 day and 1 week after operation

Fig. 8 Flexor muscle: the range of I-, P-, and D-control in
dependence of substrate stiffness (abscissa) and force applied
(ordinate)
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creases its compliance, i.e., gets softer with increasing
stiffness of the substrate (Fig. 3, middle section). This
fits to results of Ferris et al. (1997, 1998) who found a
qualitatively similar behavior in humans walking on
different substrates. These authors interpret their results
in such a way that the controller acts to stabilize the
stiffness of the complete system consisting of legs and
substrate, i.e., the controller is less stiff if the substrate
becomes more rigid. Related results have been described
by De Vlugt et al. (2003) investigating human subjects
who had to hold the position of a handle that was
randomly disturbed. They found a modulation of dis-
placement feedback gain and of velocity feedback gain
when varying the dynamical properties of the environ-
ment. They conclude that ‘‘humans act like optimal
controllers to optimize the combined dynamics of limb
and environment together.’’ Changes of feedback gain
were found to take place within seconds.

Qualitatively, the results obtained here for standing
animals agree with the findings of Bartling and Schmitz
(2000) who described a dependence on substrate com-
pliance in walking stick insects, too. We have no
explanation for the observation that the compliance of
the leg controller again decreases to some degree when
the substrate stiffness is further increased (Fig. 3, right
part).

Substrate compliance is assumed to be determined by
the correlation between the actual movement of the leg
and the motor command. Apparently, campaniform
sensilla are not the (only) basis for monitoring the motor
output. Instead, results indicate that the CNS exploits an
efference copy of the signals sent to the muscles. Because
campaniform sensilla cannot distinguish between forces
developed actively by the muscles and forces applied
externally, correlation with an efference copy of the
motor command is actually a sensible way to determine
substrate compliance. The small irregular oscillations
observed in Fig. 6c might be interpreted as to represent
test signals superimposed to the motor output that are
used to compare the changes in motor output with the
actually resulting movement.

How can an I-controller show properties
of a P- or a D-controller?

We hypothetically explain the results by an I-controller,
and in addition a system that monitors the compliance
of the substrate, i.e., the correlation between the motor
command and displacement of the leg. If there is a
strong correlation between the motor command and the
movement of the substrate—which corresponds to a low
stiffness of the substrate, I-control is adopted (Figs. 2
and 4). If this correlation is weak, corresponding to stiff
substrate, motor output is decreased accordingly
(Fig. 6b). On very stiff substrate, no movement can be
detected when muscle force is changed (i. e., correlation
is zero), and the motor output therefore decreases to a
very low level (Fig. 5c, d). In this case, the I-controller

‘‘intelligently gives up’’. As mentioned, this was inter-
preted earlier as a D-controller. The correlation to be
monitored is also zero when the receptor apodeme of the
chordotonal organ is ablated, and no active force output
is observed in this case (Fig. 2a) in agreement with our
hypothesis.

How can the P-properties be explained that have been
observed on substrate of medium stiffness? In this situ-
ation correlation is not too strong which, according to
our hypothesis, leads to some decrease of motor output.
This in turn leads to a movement of the leg, because the
steel spring is continuously pulling the leg back. As the
spring approaches its resting position, its force de-
creases, too. Due to nonlinear characteristic of the
muscles explained below, correlation strength increases,
when the muscle force is small. This again activates the
I-controller, but now at a new leg position. Therefore,
the behavior resembles that of a P-control system. But
why should we obtain stronger correlation between
motor command and change in leg position when muscle
force is small? A given change in the motor command
would lead to larger changes of force when starting from
a weakly excited muscle compared to a strongly excited
one, because of the nonlinear, saturation-like charac-
teristic of a muscle. Therefore, in the latter case, corre-
lation is weaker.

It has been reported that muscles develop some force
without specific stimulation (Yox et al. 1982). To rule
out this possibility as an alternative explanation for the
I-control behavior, control experiments with cut recep-
tor apodeme of the chordotonal organ have been per-
formed. Following this operation, already the smallest
stimulus leads to a large deflection of the leg (Fig. 2a).
This shows that sensory feedback is a necessary condi-
tion for the holding behavior and indicates that the
interpretation as an I-controller is sensible. This exper-
iment also shows that stimulation of sense organs other
than the femoral chordotonal organ is not sufficient to
drive the motor output in the femur–tibia joint. Fur-
thermore, the fact that leg position is briefly changed
after the disturbance but regains the earlier position
(Fig. 4a) shows that the effect cannot be explained by
passive muscle properties but rather requires an active
process.

The effect of the D-properties might alternatively be
explained by fatigue on the muscular level. Many
investigations have however shown that this adaptation
process occurs at the neuronal level, the units of which
have been intensively studied (review Bässler and
Büschges 1998).

Application to free standing animals

A free standing (or walking) insect has to cope with the
following basic problem. A six-legged system, where
each leg contains at least three joints, comprises a system
with 18 degrees of freedom. As the body position is
determined by six degrees of freedom, there is an infinite
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number of possibilities to arrange the torque values for
the 18 joints for a given body position, one of which has
to be chosen by the animal. This has often been termed
the force distribution problem (Kindermann 2002). The
situation might be illustrated by the restriction to a 2D
situation with only two legs, for example two middle
legs. Both legs have to carry their part of the body
weight, applying a vertical force component. But in
addition both legs could, to mention two extreme cases,
either pull towards the body midline or push away from
it. If these horizontal force components are opposite and
equal, they cancel each other and no body movement is
observed in either case. In both extreme cases a high
amount of energy is used, but somewhere in between,
depending on the exact geometrical leg configuration,
there must be a force distribution that reflects a mini-
mum of the total force required. The control system
described here might be used to search such a minimum
as it attempts to minimize motor output under the
condition that the leg must not move. This is also shown
in Fig. 6b, where, on soft substrate, the leg produces a
force to maintain its position, but leg force decreases
when, after clamping, the substrate force is sufficient to
hold the leg in a given position.

Application to walking

For the control of the walking movements, Cruse et al.
(1996, 1998) have proposed that the femur-tibia joints
are controlled by positive feedback based on angular
velocity. How could this concept of positive velocity
feedback and the concept of negative position feedback,
as it is described here, be integrated? Bartling and Sch-
mitz (2000) discussed this problem already and, in order
to explain their results, proposed that positive feedback
may be switched off and changed to negative feedback, if
the leg experiences an acceleration above a given
threshold.

In applying our hypothesis to this problem, we can
alternatively propose that the strength of correlation
between motor command and leg movement is used
instead of acceleration. According to this assumption,
positive feedback is applied such that the velocity signal
is added to the reference input of the I-controller during
undisturbed walking. In this situation, there is a strong
correlation between motor output signal and proprio-
ceptive feedback, because, during undisturbed walking,
the actual movement of the leg matches that of the
motor command. If, however, the movement of the leg is
disturbed by an external force, the correlation between
motor command and leg displacement is weak. If we
assume that a weak correlation inhibits the propagation

of the positive feedback signal, the behavior of the leg is
then governed by the negative feedback controller. As
soon as the disturbance is ended and the normal
movement continues, correlation increases and positive
feedback is resumed again on the basis of the new po-
sition of the leg.
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