Evidence for the Control of Velocity as Well as Position in Leg
Protraction and Retraction by the Stick Insect*

J.Dean and H.Cruse
Fakultst fir Biologie, Universitat Bielefeld, Postfach 8640, 4800 Bielefeld 1, FRG

Observation alone does not reveal the nature of the control system underlying normal walking. In
the past, theories about the control principles emphasized first, reflex chains and then later, central
oscillators {reviewed by Delcomyn 1980). More recently, the very existence of a central pattern
generator has been questioned for stick insect walking (Bissler and Wegner 1983). Nevertheless,
the current consensus is that a basic pattern for locomotion may be generated centrally by the
nervous system, but this pattern can be significantly shaped and altered by peripheral influences.

Not only the pattern, but also each individual movement, is subject to peripheral control. Precisely
defining these peripheral influences has turned out to be a major challenge. Control theory derived
from engineering and robotics offers a variety of standard parameters which might be controlled
during movement. As surmmarized in a recent article by Stein (1982), these include position, velo-
city, force, muscle stiffness, viscosity, and impedance. The parameters actually represented in and
controlled by the nervous system are not so easily equated with these terms. To give just one
example, even tonic proprioceptors which signal position information usually have some degree of
phasic response so that mixing of position and veiocity information occurs at the very input to the
nervous system. In the present paper, we would like to address this fundamental problem of motor
control by examining the leg movements of stick insects during walking.

The rhythmic stepping of a leg can be divided into two phases. The stance or power stroke is the
interval in which the leg is in contact with the substrate. During this time the leg can provide
support for the body and contribute to propulsion by exerting force against the substrate. The
swing or recovery stroke is the interval in which the leg is free of the substrate and moving to a
position where it can begin a new stance. During this phase the leg contributes neither support nor
propulsion. Two additional terms, retraction and protraction, are often used in the literature on
insect locomotion. When a stick insect walks forward, the stance or power stroke typically involves
retraction of the leg to the rear while the swing is primarily a protraction of the leg to the front.

The functional requirements placed on stance and swing differ ir several important ways and these,
in turn, affect the type of experiment that can be performed. Therefore, it is useful to consider
these two movements separately in attempting to analyze the way in which they are controlled by
the nervous system. (Experiments on the swing were performed by JD; those on the stance by HC.
See also Dean 1984 and Cruse 1985a,b.)
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SWING PHASE

By definition, the function of the swing or recovery phase is to return the leg from its position at
the end of one power stroke to a position where it can begin a new one. Hence, the main program
for the leg controller needs to perform two tasks: it needs, first, to find a substrate for the leg at
the end of the swing and, second, to ensure continuous {ocomotion, it needs to complete the swing
quickly enough for the leg to contribute propulsion and support before the remaining legs reach
the limnits of their stance positions.

With respect to the second task, swing duration, the adult stick insect is an exception. Most insects
~walk using a tripod gait in which both swing and stance durations are shortened proportionately
with decreases in step period (reviewed in Delcomyn 1981). In contrast, for the adult stick insect
the duration of the swing phase is almost constant for all walking speeds under normal conditions
(Wendler 1964; Graham 1972). Recendy, it has been shown that the load against which the animal
is walking affects the speed of the swing phase (Graham 1981). High loading leads to faster
swings. This change lengthens the duty cycle of the leg, increasing its contribution to overcoming
the increased resistance. Apparently, the large abdomen of the adult stick insect creates a high load
and the duration of the swing is minimized.

With respect to the first task, finding a substrate, the stick insect shows a unique adaptation to the
irregular structure of its normal arboreal habitat. During the swing, the middle and rear legs are
guided towards a suitable foothold by aiming at the location of the ipsilaterai front and middle
legs, respectively (Cruse 1979, Dean and Wendler 1983). The coordination is such that the target
leg is ncaring the end of its stance on a load —bearing substraic. Hence, each foothold located by a
front leg is used in turn by the ipsilateral middle and rear legs. For their part, the front legs are
guided by information from the antennae (Cruse and Krieger, in preparation).

These two features of the main program, short duration and aiming at a target, make the swing of
the stick insect similar to many of the movements considered in studies of motor control in humans
and other vertebrates. These similarities make the stick insect movement an attractive model for
asking the same basic questions concerning control of movement. In essence, these questions are:
first, whether feedback is active in controlling the movement, and if so, what parameters of the
movement are controlled?

Unless a movement is so fast as to preclude use of feedback, it does not directly reveal any
characteristics of the underlying control. In order to obtain such information, it is usual to perturb
the movement in some way and to extrapolate from the elicited changes to the nature of the control
system. One common pesturbation is to change the load. This was the approach taken in studying
the stick insect swing (Fig 1la).

Several possible control mechanisms were tested. The simplest hypothesis is that the leg behaves
like a position servomechanism in which the force is simply proportional to the distance between
the target position and the current position of the leg (Fig. 2a). If thus were the case, then the
actual end point of the protraction (AEP: anterior extreme position) should shift caudally when the
load is increased. This was tested in the first experiment. Placing the target leg on a fixed plat-
form, as shown in Fig. la, ensured that the target position did not change during the movement of
the rear leg.
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Fig. 1. Method for changing the load on leg protraction. (a) The insect is fixed along its dorsal
surface to a holder (not shown) and walks by turning a styrofoam treadwheel (cross — hatched
band). Weights (W) are attached to a fine thread passing through two guides (N1, N2) and fixed to
the distal femur of the right rear leg. The position of N1 is shown for the condition in which the
applied force opposed leg protraction. When the applied force was to aid protraction, N1 was
located at N1f, shghtly rostral to the metathoracic coxa and just beyond the reach of the femur. In
the first series of experiments, the right middle leg, which serves as a target for the rear leg pro-
traction, was placed upon a fixed platform beside the treadwheel. (b) The component of the applied
force acting perpendicular to the femur is graphed as a function of leg angle. This component is
the effective force opposing (solid hne) or aiding (dashed line) leg protraction. (Fig. adapted from
Dean 1984)

The end point of the rear leg step was measured first with no added load and then with weights of
110 mg and 250 mg opposing leg protraction. In general, the end point did show a small caudal
shift with increased load, but this was not significant for most animals (Dean 1984). In particular,
those animals for which the aiming was better in the control condition showed very little change
with increased loading. The weights tested applied forces 14x and 32x the calculated maximum
force needed by the leg during an unobstructed swing. Therefore, it is evident, first, that the force
is not simply proportional to the distance from the target and, second, that feedback is involved in
adjusting the force to meet the altered load.

With the platform, only the first step at the start of walking could be measured. Dynamic effects
of loading could be better studied when all six legs were allowed to walk continuously on the
treadwheel. Loads were again varied by adding weights to resist the protraction of the right rear
leg. Weights of 50 to 750 mg were tested. Increasing the load elicited systematic changes in the
leg's movement (Fig. 3). The AEP shifted caudally, the amplitude of the swing decreased, the
duration increased, and overall velocity decreased. The decrease in velocity probably reflects basic
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muscle properties: speed of contraction decreases with increasing load. The shift in the AEP might
suggest that the targeting reaction no longer was maintained, but this was not enturely the case. The
targer middle Jeg conunued us retracuion dunng the prolonged swing of the rear leg. Hence the
position of the muddle leg at the tine the rear leg completed s swing was also farther to the rear.
This adjustment 1n the targeung behawvior indicates that the target position is not fixed at the stan
of the movement.

The speed with which the feedback systems increase the force could be determined only approxi-
mately. For these measutements, a slop was positioned to support the weight during the inital part
of the swing. For the hghter weights of 110 and 250 mp, the icg often continued moving forward,
albeit with reduced velocity, through the onset of the opposing force (Fig. 4a). Overcoming the
increased ioad required forces considerably greater than the maximum calculated for unobstructed
protractions. Therefore, this observation indicates a response ume of less than 20 ms, the himit of
resolution for the video recording systen:,

As a funther st of the “posiion servo™ hypothesis, the rear leg was subjected to forces which
aided rather than opposed protraction. If the leg behaves as a position servo with s reference
posiuon set to the end pownt, then the leg should move forward more rapidly under the influence
of the applied weight. This was not the case: the velocny of the protraction generally did not
increase significantly.

A more complicated version of a positon servomechanism is one in which the reference posi-
non for the servo 15 not set at the end point but rather moves along a trajectory from the start to
the end point (shown n Fig. 2b, for stance). This madel could also be tested with external forces
aiding rather than opposing protractuon. In this case it was assumed that the applied weights would
move the leg forward ahead of the intended trigectory, leading to o pause or to small retractions
when the weight was suddenly removed. Such aberrations were not usually present (Fig. 4b),

The results concerning the swing phase can be summanzed as follows. Position parameters are
gsed to determine the end point of the movement and this informauon is updated during the swing.
Position parameters do not appear to influence the force. Instead it seems that the velocity of the
movement is controlled and that muscle force can be increased or decreased or antagonists activaced
when the veiocity vanes from that intended.

Fig. 3. Effect of force opposing rear leg protraction during continuous walking. Three different
load conditions are illustrated in (a—=¢). Typical swps are shown in the upper row. The two traces
represent movement of the rear leg subjected 10 load (R3) and the ipsilateral middie leg (R2), with
protraction corresponding to upward change in the trace. With increasing loading, the protraction
movement of the rear leg is prolonged and slower, and the AEP is shifted caudally. The lower
row shows averaged profiles for leg position, velocity, and acceleration measured both as femur y
position and as leg angie. The duranons of the swings were normalized and divided into 10 classes
for computing means and standard deviatons. The time bars beneath each abscissa show the mean
swing duration for each condition. Units on the ordinate are either femur y position, at the left, or
degrees, at the right; the corresponding time derivatives are in scc”'. Femur y position is
proporuonal to tan (90-—#): it magnifies changes in leg position for small € but is more directly
related to tarsus position on the wheel.
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Fig. 4. Protractions influenced by sudden changes in external force. Representation of leg
movement is similar to that in Fig. 3. The line of points above the time axis indicates when the
load was being carried by a stop and not acting on the leg. (a) The load opposing rear leg
protraction takes effect at the arrows. (b) The force assisting protraction ceases at the arrows.
(Figure from Dean 1984)

STANCE PHASE

The stance is the working part of the leg’s cycle. In this phase the leg is contacting the substrate
and can contribute to supporting and propelling the body. Because the leg is mechanically coupled
through the substrate to all the other supporting legs, the analysis of movement in an individual leg
is less straightforward than for the swing. Nevertheless, several features of stancc can be
characterized by observation. First, the speed of forward progression is directly determined by the
speed of leg movement during stance. Since the amplitude of leg movement usually does not
change during straight walking, stance duration also depends upon walking speed (Graham 1972).
Second, the end point of retraction (PEP: posterior extreme position) is determined by a combi-
nation of influences both from the leg itself and from intersegmental or central sources. These
include the position of the leg as measured by propricceptors (Bissler 1977, Dean and Wendler
1983), the load on the leg either in the form of cuticle deformation (Bissler 1977) or as the weight
supported by the leg (Jander 1985), inhibition arising from an adjacent posterior leg during its
swing (Cruse and Epstein 1982), and undefined central oscillations (Cruse and Saxler 1980). Third,
although leg retraction in arthropods is often represented as having a constant velocity, for the
stick insect, at least, it proceeds in a characteristic “lurching” manner (Graham 1983). Part of the
decrease in velocity of leg retraction is thought to arise through mechanical coupling as other legs
oppose forward motion immediately after beginning their stances. Fourth, retraction generally
proceeds with a higher speed when the longitudinal resistance is decreased (Graham and Cruse
1981, Epstein and Graham 1983).

More information on the conirol of individual legs can be gained by adapting a finding of Wendler
(1964). When an animal walks on a treadwheel and one leg is placed on a fixed platform beside
the wheel, that leg generally remains in stance. The force exerted by the leg in the longitudinal



Fig. 5. Measurcments of retractor force from a front leg standing on a platform. The leg stood
on a force transducer which was moved forward and backward by hand. The upper trace shows
the position of the platform with anterior being upward; the lower trace shows the force in the
anterior — posterior direction with force which would retract the leg shown as positive. The force
trace shows large DC changes which parallel the shifts in platform position. The dynamic oscilla-
tions around these static levels are coordinated with the leg movements of the walking legs. The
measurements were made before (a) and after (b) severing the tendon of the chordotonal organ and
thereby removing the major proprioceptive input monitoring position in the anterior — posterior
direction. The leg continues to exert more force at anterior positions, which points to properties of
muscles and joints rather than proprioceptive loops as the origin of this effect

direction typically can be divided into static and dynamic components (Fig. 5a). The static
component can be measured to test hypotheses for the control of stance which are analogous to
those already discussed for the swing.

The simplest hypothesis is again that the force exerted by the leg is proportional to the distance
from the intended end point (Fig. 2a). According to this model, the mean force exerted by a leg
should increase for more rostral platform positions: this is the case, at least qualitatively (Fig. 0).
However, it is known that the isometric force which muscles can exert varies with their length.
Control measurements made with the major proprioceptive input elimipated showed the same
pattern of force changes (Fig. Sb). Therefore, this pattern can be attributed to muscle properties or
to lever arm changes.

Hence this finding does not answer the original question of whether the end point position is used
to control the force exerted by the retractors. This question can be tested directly by comparing the
force curve presented above with one measured while the swing of the adjacent posterior leg is

obstructed. The obstruction keeps the posterior leg in continuous swing phase. During its swing the
posterior leg inhibits a swing by the adjacent leg (Dean and Wendler 1982). When this inhibition
is prolonged, the mean retraction end point of the forward leg shifts caudally (Cruse and Epstein
1982). This inhibition can be demonstrated for leg positions throughout the step (Cruse 1985b). If
it is assumed that this actual end point also serves as the target during the movement, then a
position servomechanism using this end point as its reference point should produce a parallel shift
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Fig. 6. Lack of effect of changed end pont on force dunng retrachon. Measurements of the
recraction force of the front leg were made with the ipsilateral middie leg either on a platform (%)
or with s swing phase blocked (2). Obstrucung the swing phase causes the retracnon end point
{PEP) of the front leg 1o shuft caudally. as indicated by the dashed hne on the abscissa. Never
theless, the force exerted by the leg as a funcuon of posinon does not change, indicanng that the
posiion of the end point 1s not used 10 determine the force

in the relanonshup between force and posiion. In fact, the force curve s unchanged (Fig 0).
Therefore, the altered end pont 15 act involved 1n determumng the retractor force

As was the case for the swing, a further vanant of the position servo hypothests 1s one i which
the reference nput 1s moved along a trajectory. If thus trajectory 15 independent of peripheral
feeddback. then several predicuons can be made about how the force exeried by the leg should
change when the actual movement 1s speeded up or slowed down. First, however, 1t 1s necessary to
measure the force produced by the leg as it moves through a normal retraction (Fig. 7a). This
force reaches 32 maximum midway in the retraction.

Using dus data, the responses predicted for different control models can be formulated (Fig. 2).
For a position servomechamism based on a planned trajectory, stopping the movement of the leg
shoul! cause the difference between the actual position and the intended trajectory to increase for
the duration of the halt and this shouid be reflected in the force (Fig. 2b). Figure 7b shows that
this was pot the case: after an inital increase, the force actually declines during the halt. (Some
intal 1increase might be expected simply on the basis of muscle properties, but several observations
indicate that a large active response 15 present as well. First, the measured front leg sometimes
resists the imposed movement, indicaring that the protractors and/or exiensors are active. However,
if the imposed movement then s stopped, the force reverses direction, indicating that the normal
power stroke muscles are turned on. Second. Graham (this volume) presents analogous electro-
physiological evidence for acuvation of protractors Or retractors as appropriate (0 COumer torque
pulses perturbing the power stroke.)
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Fig. 7. Measurements of retraction force with and without an intercuption in leg movement.
Measurements were made by moving a force transducer beside the treadwheel at abour the walking
speed and recording the force when a leg stepped on the transducer. The trace at the top illustrates
the movemnent of the transducer and leg. (2) The rtransducer was moved smoothly throughout the
retraction. (b) The transducer was halted briefly duning the retraction. When leg movement is
prevented, the torce record shows a maamum. This panern best s 8 model in which foree is
derived from a combination of velocity and acceleravon signals (models ¢ and d in Fig. 2). The
sizes of the standard devianons are shown by the dotted area above the abscissa

If posinon a8 not the parameter controthng the force exerted by the leg, what other possibulities are
there”! One 1y movement veloorty, the fiest derivative of positon, It the leg s attempung to
maintiin 4 constant velocty, then stoppaing 1t should result i & constant devaation between the
desired veloaity and the actual velocty (Fip. 200 1t thes deviation s the mput to the force
controtler, then force shoutd reman constant for the duraton of the halt. This 1= a better
approximauon to the obscrved results but soll not completely asccurate. The decline in the force as
the halt 18 mamtauned suggests that acceleration, the second derivative of positon, also affects the
force (Fig. 2d). Our measuremems are not sufficient to determine the exact relatonship of output
force to either velocity or acceleravon and thus do not meet a strict definition of “coatrol™,

Therefore we will use the expression “velocity sensttive control ™,

CONCLUSION

The preceding discussion has treated the swing and stance movements separately, but it should be
clear that there are many similanties in their control. First, as many previous studies have
demonstrated, peripheral feedback greatly influences the motor pattern during walking and this is
true both for swing and for stance. These peripheral influences include both the position of the leg
and the load upon 1t. However, the results presenmied here show that different movement para-
meters influence different aspects of the movement. Posiion information is involved in the
decision to terminate both swing and stance. The positon of the target leg provides the most
unportant criterion for ending the swing phase and the position of the protracting leg determines
when this criterion is met. Proprioceptive information from both the target leg and the moving leg
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is involved (Cruse et al. 1984; Dean and Wendler 1983). Position is one of several factors
contributing to ending the stance phase. A second factor is the load on the leg both in the axial and
in the vertical directions. A third factor is coordination from intersegmental or central sources.
Inhibition during the swing of the adjacent caudal leg causes the PEP to move caudally. Undefined
central sources cause the force excrted by a leg held at a constant position to vary in rhythm with
the walking legs. This influence could arise either from a central oscillator for the leg or from
coordination signals transmitted from the other legs. In either case, it could affect the stance end
point either indirectly by way of the self —induced loading on the leg or directly through the
relevant interneurcns.

Position information does not appear to be important in determining the force developed by the
muscies during the movement. Neither the position of the end point 1o be reached nor proprio-
ceptive input signalling leg position affect the output force. Force does vary as a function of
position due to the geometry of the joints and the mechanical properties of the muscles involved,
but these factors are not under the control of the nervous system.

The nervous sysiem does modulate force in response both to deviations from the normal velo-
city and, to some extent, to the accelerations accompanying these deviations. This amounts to a
velocity sensitive control during movement. For both stance and swing, the velocity of the move-
ment has a direct bearing on the overall performance of locomotion. During stance, retraction
velocity governs the speed of forward locomotion; during swing, protraction velocity enables the
leg to assume its stance position at the proper tine. Therefore, it is appropriate that the velocity of
the leg movement be controlled in the longitudinal plane. In other planes, other paramcters may be
more appropriate. For example, position information is surely important for controlling the height
of the body during stance.

The swing movement, and the stance to a lesser cxtent, rcsemble what have been called fast ramp
movements in vertebrates (Desmedt and Godaux 1978). These are rapid movements in which
muscle activity continues throughout the movement. As in the stick insect, rapid reflex pathways
are active to meet variations in load. The normal load for the swing is simply the mass of the
moving limb. This load is predictable and load compensation probably plays a ncgligible role in
normal walking. For the stance, the load can vary considerably depending upon the insect’s
orientation with respect to gravity.

The findings presented above and those from the literatrc can be used to construct the diagram of
the leg controller shown in Fig. 8. This figure separates factors affecting the termination of a
step phase from factors which influence the output force during a phase. The first group, which
includes position information, contains factors which can be considered part of the oscillator. The
second group, which includes velocity, contains those which participate in a servomechanism. The
separation made here does not necessarily correspond to structural separation in the nervous system.
Force compensation could occur either through feedback at the motonsuron or at the interpeuron
level. Nevertheless, it is interesting to compare the scheme presented here with recent physiological
findings in the locust flight system. In the steering pathways from the ocelli, the sensory input has
a weak direct effect on motoneurons but the stronger effect is on premotor interneurons which arc
not part of the flight oscillator (Reichert et al. 1985).

Acknowledgements, We are grateful to D. Forsythe for helpful criticismn of the manuscript.
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Fig. 8. A schematic summary of control influences during stepping. The leg and various para-
meters of its motion are represented on the right margin. Factors considered part of the oscillator
act on the oscillator status box at the left and control switching between stance and swing. Factors
aftecting movement during a phase enter the control path between oscillator and muscles
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Bereitschaftspotential 8, 28-33 S‘V‘@g gannet 224 )
Bewegungsentwurf 3 rawing movements 201 eal
bilabial gestures 136 - geome?r1ca1 and kinematica
bimanual deficit 8 relations 201
- phase transitions 121 -» tempcral planning 204
block of movement 237 -» elliptic movements 205
body space equations 133 dynamic control regime 109-~115

Brgdmann's cortical fields dysgraphic 177

-, area 6 3-5, 33

-, area 4 (s. Motor cortex) G5,
14_24) 33

area § 14-24

area / 14-24

area 3b 19

area 1 19

effector system 129

efference copy 24

EMG duration and amplitude 233
end-point contrel 50, 113-114
evoked potential 31

external feedback 183-184
extero=proprio relationship 217
extrinsic timing information 226
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categories of general skills 148
cat focomotion 109

central feedback 24 figural unit of motor action 210
cerebellum final position control 50
-~ lateral 7, 24 Fitts' equation 247
~ dentate nucleus 7, 14-24 force
~ interpositus nucleus 14-24 - isometric 29
~ cerebellar hemispherectomy 28 - grasping 161-163
cerebral blecod flow (CBF) 8 - frictional 162
choice reaction time task 64-70, - anticipated 167

91-98 - time to peak 233
chordotonal organ 283 - time profile 244-247
closed-loop feedback caontrol 107 - and position 270
cocontraction 233 force-velocity relationship 238
compensation of perturbations functional synergies

-, autogenic 107-108 5. "cpordinative structures"



