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Abstract

From what we know at present with respect to the neural control of walking, it can be concluded that an optimal biologically

inspired robot could have the following features. The limbs should include several joints in which position changes can be obtained

by actuators across the joints. The control of mono- and biarticular actuators should occur at least at three levels: one at direct

control of the actuators (equivalent to motoneuron level), the second at indirect control acting at a level which controls whole limb

movement (flexion or extension) and the third at a still higher level controlling the interlimb coordination. The limb level circuits

should be able to produce alternating flexion and extension movements in the limb by means of coupled oscillator flexor and

extensor parts which are mutually inhibitory. The interlimb control level should be able to command the various limb control

centers. All three control levels should have some basic feedback circuits but the most essential one is needed at the limb control level

and concerns the decision to either flex or extend a given limb. The decision to activate the extensor part of the limb oscillator has to

be based on feedback signalling the onset of loading of the limb involved. This should be signalled by means of load sensors in the

limb. The decision to activate the flexor part of the limb oscillator has to depend on various types of feedback. The most important

requirement is that flexion should only occur when the limb concerned is no longer loaded above a given threshold. The rule for the

initiation of limb flexion can be made more robust by adding the requirement that position at the base of the limb (‘‘hip’’) should be

within a normal end of stance phase range. Hence, human locomotion is thought to use a number of principles which simplify

control, just as in other species such as the cat. It is suggested that cat and human locomotion are good models to learn from when

designing efficient walking robots. r 2002 Elsevier Science Ltd. All rights reserved.

Keywords: Human gait; Proprioceptive reflexes; Exteroceptive reflexes; Phase-dependent reflex modulation

1. Why biologically inspired walking robots?

Many four- or six-legged walking robots exist. Only
very few bi-pedal robots exist, since they have to face a
continuous stability challenge balancing on their feet
while contact between foot and ground is not actuated.
Motions between feet and ground can only be controlled
through coordinated motions of the limbs above. Most
currently used walking robots use position or trajectory

control (Wisse et al., 2001). These robots are usually not
very energy efficient but they can perform well when
used in a predictable environment. An example is the
famous robot of Honda Motor Co., which needs 20 kg
of batteries to walk for 15min (Hirai et al., 1998).
Furthermore, such very advanced robots fail when the

terrain is irregular or, more generally, when they have to
cope with unexpected changes. This type of restrictions
has led some robotic engineers to choose alternative
approaches. For example, some of them have focussed
on using the natural dynamics of the system, thereby
developing ‘‘passive dynamic walking’’ (McGeer, 1990).
Other robotics engineers have derived their inspiration

*Corresponding author. Tel.: +31-243-61-42-46; fax: +31-243-54-

14-35.

E-mail address: j.duysens@mbfys.nl (J. Duysens).

0021-9290/02/$ - see front matter r 2002 Elsevier Science Ltd. All rights reserved.

PII: S 0 0 2 1 - 9 2 9 0 ( 0 1 ) 0 0 1 8 7 - 7



from biologically inspired control methods. In this way,
Cruse et al. (1995) and Kimura and Fukuoka (2000)
were able to design highly adaptable six- and four-
legged robots, respectively. For two-legged robots, there
is no reason why a similar biologically inspired robot
would not be feasible although, of course, stability issues
are quite different for biped vs. quadruped locomotion.
This requires that one should learn about the control of
human walking. To justify the title of the present paper,
‘‘a walking robot called human’’, one can state that the
regulation of human walking is an excellent example for
robotics since man is the ultimate robot. An ideal robot
is efficient and can walk long distances without
requiring a large supply of energy. Yet, an ideal robot
should also be adaptable to changes in the environment.
Hence, it is especially important to learn about some of
the features, which make human walking into such an
efficient, automated yet highly adaptable type of
behavior.
To be fair, however, we have to admit that most of

our current thinking about the control of locomotion in
humans is actually derived from experiments on
quadrupeds like cats and requires some extrapolations.
But given the strong evidence for maintenance of
control principles across species such extrapolations
are usually highly justified (see Duysens et al., 2000;
Clarac, 1991). Furthermore, many basic similarities
between cats and humans have already been demon-
strated. A good example is the phase-dependency of
reflexes during gait. Perturbations during gait lead to
reflex responses but these responses cannot be stereo-
typed since the motor output and the biomechanical
conditions vary at different moments of the step cycle.
In the cat, it was found that indeed the responses to
identical inputs are very different in various phases of
the step cycle (Forssberg et al., 1975; Duysens and
Pearson, 1976), a finding that was later confirmed for
human locomotion (Yang and Stein, 1990; Duysens
et al., 1990).
In general, the purpose of the present review is to

summarize some of the findings on the neural control of
locomotion of cats and humans in order to provide a
basic framework for those interested in applying neural
control principles in the construction of walking robots.

2. Control levels

Human and cat locomotion is hierarchically con-
trolled at several levels of the central nervous system,
namely the spinal cord, the brainstem and the cerebral
cortex. Here we will focus mostly on the lowest level,
which is the spinal cord. The reason for this is that we
believe this part to be the most robot-like in that the
spinal cord can provide the basic control units needed to
organize efficient locomotion. Furthermore, it can use

feedback from peripheral sensors in the legs to
automatically control gait and respond to unexpected
perturbations.
How is this achieved? The spinal cord contains

motoneurones, which activate muscle fibers. These
motoneurones can be activated themselves by interneur-
ones (premotoneuronal elements) which are organized
in circuits. During locomotion, the various muscles of
the leg contract in a typical pattern by activation of the
corresponding group of motoneurones. In many species,
the cyclical patterns of leg muscle activations can be
generated by premotoneuronal spinal networks, referred
to as central pattern generators (CPGs). Such networks
generate the rhythm and form the pattern of the
locomotor bursts of motoneurons (Grillner and Wallen,
1985; Grillner, 1985). For the cat, it is thought that the
CPGs are located in the spinal cord and that there is at
least one such CPG for each limb. Evidence for the
existence of such spinal locomotor CPGs is that the
output pattern can persist (as patterned bursts in motor
nerve fibers) even when the cats have a transected spinal
cord or brainstem and are motionless (‘‘fictive locomo-
tion’’, for review see Grillner and Wallen, 1985). In
humans, such patterns are rarely generated after spinal
transection (Calancie et al., 1994; Roby-Brami and
Bussel, 1987) but nevertheless, there is mounting
evidence for the existence of spinal generators in man
as well (summarized in Duysens and Van de Crommert,
1998). In essence, such CPGs are thought to contain at
least two mutually inhibitory parts (‘‘Half Center’’
model of Brown, 1911a, b). One part can induce flexion
in all the joints of a leg, the other produces full limb
extension. During the flexion phase of walking, the
flexor half-center is active while the extensor half-center
is inhibited. The inverse is true for the stance phase. The
CPG can be regarded as an oscillating unit, phasically
activating flexors and extensors. Through the efferent
and afferent pathways, this oscillating unit is in
connection with another oscillating unit, i.e. the limb.
The CPG has to provide a rather complex output.
During the stance phase the knee extensors are active,
while the hip flexors and extensors of the stance leg
balance the upper body. At the end of the stance phase,
an active ankle extension provides the take-off. During
the swing phase some flexor muscles are active, since
knee flexor activity should be present if more foot
clearance is needed. Hip flexor activity is required to
adjust the step length. If any, CPG activity during
human walking involves multiple centers at different
spinal levels for the control of joint flexors and
extensors. These centers should mutually affect each
other, as can be seen in simulation studies of, for
example, Taga (1995).
Feedback occurs through sensors in the leg and it is

used to control activity either of individual muscles
(feedback to motoneurones) or of groups of muscles
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(feedback to pattern generator). This feedback not only
serves to control stiffness of individual muscles or joints
but also to ensure the stability of the whole system in the
sagittal as well as in the frontal plane.

2.1. Feedback control directly to motoneurones

At the spinal level, the feedback can occur through
specialized reflex pathways to the motoneurones. The
best-studied feedback is from the Ia sensory afferents
from the muscle spindles. This pathway is potentially
very fast because the Ia fibers are the fastest fibers
available and they can reach the motoneurones over a
single synaps (monosynaptic reflex; each synaps causes
about 0.5ms delay). Furthermore, they can provide a
sizeable amount of increased impedance and are there-
fore of interest for robotics. Spindles are very sensitive
to stretch and therefore are highly active in different
periods of the step cycle, mostly of course when the
parent muscle is being stretched (Prochazka et al., 1976,
1977, 1979; Loeb et al., 1977; Loeb and Duysens, 1979).
The resulting reflex activation of the parent muscles can
or cannot be useful depending on the phase of the step
cycle. Stretch reflexes of soleus are useful during the
ankle yield in mid-stance but they are not useful during
the swing phase, when the ankle moves in dorsiflexion.
In contrast, the stretch reflex activation of the ham-
strings during swing is useful. It is thought that the
resulting muscle contraction contributes to deceleration
of hip flexion and knee extension (Smith, 1986). In that
period, the hamstrings are rapidly stretched through the
combined action of knee extension and hip flexion. In
the cat, the resulting stretch evokes a discharge in
spindle afferents from these muscles (Prochazka et al.,
1976, 1977, 1979; Loeb et al., 1977; Loeb and Duysens,
1979). Therefore, it has been proposed that the
activation of hamstrings at the end of the first extension
phase during normal gait is caused by stretch reflexes
from afferent activity of spindles (Prochazka et al., 1976;
Perret and Cabelguen, 1980; Smith, 1986; Wisleder et al.,
1990). Typically in the cat, this burst disappears almost
completely following removal of sensory input (‘‘deaf-
ferentation’’; Grillner and Zanger, 1984) while other
bursts (i.e. at end stance) remain unaffected. Wisleder
et al. (1990) showed that the amplitude of the activation
of the hamstrings correlates linearly with the speed of
knee extension in the cat. Hence, this provides a good
example of an automated regulated braking response at
end swing. The exact contribution of these reflexes to the
total muscle force is hard to calculate but Van der Helm
et al. (2001) showed that as a result of increased reflex
gains, the muscle impedance (due to visco-elastic
behavior in combination with stretch reflexes) increases
by a factor of five.
Does this type of reflex activation exist in humans as

well? In humans, the hamstrings are also rapidly

stretched at end swing and there is a large burst of
EMG activity in this period (Winter and Yack, 1987).
To know whether the end swing EMG activity could
partly originate from stretch reflexes, one needs to test
stretch reflexes and tendon jerks in this phase of the step
cycle. If stretch-induced activity were important, then
one would expect that the related reflex responses are
larger in that period of the step cycle. This can be
investigated by using a special hammer which can
provide constant taps in various phases of the step
cycle (Dietz et al., 1990). In this way, tendon taps on the
distal tendon of the long head of the biceps femoris (BF)
elicit stretch responses, the amplitude of which varies as
a function of the step cycle (Van de Crommert et al.,
1996; Faist et al., 1999). This was done for the distal
tendon of the BF in a group of 12 healthy subjects that
were walking with the leg ipsilateral to stimulation held
stiff (reduced gait) (Van de Crommert et al., 1996). The
subjects walked this way in order to reduce movements
and to keep stimulation as constant as possible, while
still maintaining the basic locomotor output. The results
are shown in Fig. 1.
The amplitude of the short-latency BF responses was

largest in the end swing period (Van de Crommert et al.,
1996). This means that the reflex is facilitated during a
period when its contribution is meaningful. The result is

Fig. 1. Phase-dependent modulation of averaged tendon jerk re-

sponses in BF of one subject during ‘‘reduced gait’’ on a split-belt

treadmill (leg ipsilateral to stimulation was held stiff to reduce

movement-induced changes in stimulation). Comparison of control

(without stimulation) and reflex (with stimulation; top of figure) at 15

phases of the step cycle (phase 1 is just after touchdown; phase 15 just

prior to touchdown). All data points are based on the mean EMG as

calculated within a time window set around the responses. The data are

normalized with respect to the maximum control activity in the step

cycle. The position in the step cycle corresponds to the position of the

middle of the responses. Short-latency reflexes were found throughout

the whole step cycle but the amplitude was largest in the middle and

late-swing phase. The increased amplitude could have only been partly

related to a parallel increment in ongoing activity (‘‘control’’). It is

concluded on the basis of this type of data that the normally occurring

BF burst at end swing could be due to stretch-induced activity.
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thus conform to the proposed contribution of the
stretch reflexes to the BF activity burst at end swing
(Prochazka et al., 1976). In other periods, when the
effects of the reflex would be inappropriate, the
amplitude of the responses is small. This ‘‘phase-
dependent modulation’’ of reflexes is a principle
very common for all types of reflexes both in man
and cat. It can even be found in fictive locomotion
and in the spinal cat (transected spinal cord;
Schomburg and Behrends, 1978), indicating that the
spinal locomotor CPG in each leg has the potential to
modulate the transmission in reflex pathways in order to
provide appropriate reflex feedback at all times in the
step cycle.

2.2. Feedback control of the CPG flexor and extensor

centers

Feedback connections to the CPG are especially potent
since they allow reflex control of whole limb movements
(flexion or extension). In this way, they firstly allow for
assistance and reinforcement of ongoing limb extension
or flexion during the corresponding stance and swing
periods and secondly, they assist in providing automated
switching from one of these periods to the other. Hence,
contrary to the direct feedback to the motoneurones, the
reflex control of the CPG affects timing of the activity
periods in muscles and not only their amplitude. The
main connections are schematically represented in
Fig. 2.

2.2.1. Contribution of reflexes to activity of the extensor

center of the CPG

When a limb has to counteract gravity, several
reflexes assist the activation of antigravity muscles
(often referred to as ‘‘extensors’’ in the physiological
literature) and prevent the flexor muscles to initiate the
flexion phase. Load-sensitive proprioceptors in the leg
provide a signal which leads to a reflex which reinforces
the activity in the extensor part of the CPG, thereby
initiating or enhancing contraction in antigravity
muscles and delaying the switch to the ensuing flexion
phase. Load sensors in extensors inhibit the flexor half-
center (see Fig. 2) during the stance phase (Pearson and
Duysens, 1976; Duysens and Pearson, 1980). The
function is clear. Load on the stance limb must be
decreasing and load-related afferent discharge must fall
below a given threshold level, before swing can be
initiated. Or inversely, limb support has to be main-
tained until sufficient unloading has taken place. Model
studies showed that such positive feedback does not lead
to instability (Prochazka et al., 1997a, b).
Both for cats and humans, the main load sensors are

thought to be the foot-sole mechanoreceptors and the
Golgi Tendon Organs (GTO) of antigravity muscles (see
Pearson, 1995; Duysens et al., 2000 for review).
Activation of these receptors yields direct access to the
CPG. In animal studies (including those on cats), it was
shown that stimulation of these sensory fibers can
reinforce ongoing activity in antigravity muscles. In
addition, the switch to the ensuing swing phase is
delayed by the inhibitory action of the extensor half–
center (HC) on the flexor HC (see Fig. 2).
For foot-sole afferents, this was first demonstrated in

1976 (Duysens and Pearson, 1976) while for GTOs, the
first evidence was obtained in 1980 (Duysens and
Pearson, 1980). Since then, many studies have confirmed
and extended these initial observations (Conway et al.,
1987, 1994; Whelan et al., 1995; Pearson et al., 1992;
Pearson and Collins, 1993; for review, see Duysens et al.,
2000).
Finally, it should be mentioned that in these studies,

the sensory fibers from muscles and skin have been
studied separately but that it is not at all certain whether
the pathways involved operate completely separately. In
fact, some studies have shown convergence of GTO and
skin input onto spinal interneurones (Lundberg et al.,
1975). It is likely that, from the viewpoint of the CPG,
the main message of interest is whether the limb is
loaded or not, irrespective of the type of afferents
involved. In this respect, the role of the contralateral
limb should also be considered. Clinical observations
(Harkema, personal communication) point to the
importance of loading of one leg as a condition for the
initiation of the swing phase of the other leg but the
mechanisms underlying these interlimb effects have not
yet been revealed.

Fig. 2. Schematic representation of the current hypothesis about the

reflex regulation of gait. The CPG contains F and E: flexor and

extensor half-center, controlling flexors (Flex.) and extensors (Ext.),

respectively. For further explanation, see text.
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2.2.2. Contribution of reflexes to activity of the flexor

center of the CPG

The flexor part of the CPG is activated mainly by two
types of sensory input, which are usually both present at
the end of the stance phase. First, when the leg is
unloaded and load signals weaken, there is a disinhibi-
tion (release of inhibition) of the flexor center of the
CPG. This simply follows from the termination of the
activation of the extensor part of the CPG by load
receptors (see Fig. 2). Second, there is a powerful
excitatory signal to the flexor part of the CPG through
signals related to the position of the limb at end stance.
In particular, a lengthening of hip flexor muscles occurs
at the end of the stance phase. Sherrington (1910)
showed that dropping the leg to an extended position
elicits a flexion movement such as that which occurs in
the swing phase. Shik and Orlovsky (1965) induced a
prolongation of the stance phase by raising the anterior
or posterior part of a normal dog walking on a treadmill
so that the raised limbs could not reach full extension.
They concluded that the onset of threshold extension of
joints of the limb was a prerequisite for the initiation of
the swing phase. Later, Grillner and his colleagues were
able to show that it was primarily hip extension which
was the important cue (Andersson and Grillner, 1981,
1983). In spinal cats (cats with transected spinal cord),
they found that hip extension resulted in initiation of the
swing phase of stepping (hip extension excursion had to
reach the angle as normally seen at the end of the stance
phase). In contrast, when the hip of one limb was
manually flexed during treadmill walking, the stepping
movement disappeared. Hence, they concluded that
afferent signals from the hip were important for the
initiation of the swing phase. Andersson and Grillner
(1983) further showed that these effects are due to hip
afferents signals having direct access to the CPG. Small-
amplitude sinusoidal hip movement of a partially
denervated hindlimb was used for resetting and/or
entraining the locomotor rhythm. The receptors in-
volved have been identified as well. Kriellaars et al.
(1994) showed that entrainment relied on stretch of hip
muscles. Joint denervation or anesthesia of the hip
joints, procedures which eliminate joint afferents, did
not block the entrainment. Hiebert et al. (1996) used
selective stretches of hindlimb muscles to confirm that
the flexor phase induction was indeed related to stretch
of hip flexors.
The hip position feedback, described above is

complimentary to the unloading signal. It prevents limb
flexion when a human or robot limb is suddenly
unloaded in mid-stance (‘‘foot in hole’’ condition).
Furthermore, an additional important ‘‘IF–THEN’’
condition is that another limb has started to accept
weight.
It should be emphasized that the rules presented here

apply only to the walking mode in which the unloading

of one limb coincides with increased loading of another
limb. In the running mode, the robots have to switch to
open-loop control mode. For this, one could again use
biologically inspired principles but these are beyond the
limits of the present paper.

3. Higher (supraspinal) control level

It should be added that most of the experiments
described in the previous sections were performed on
cats in which either the spinal cord or the brainstem was
transected. Furthermore, in most of these experiments,
there has been some type of reduction of sensory inputs
(partial denervation is the practice of cutting some
nerves to reduce unwanted inputs). These manipulations
have accentuated the effects on the CPG but they have
created some na.ıve hopes in researchers wanting to
replicate this type of results in intact humans (Capaday,
2000). In the intact cat or human, there are many
competing sources which can influence phase-switching
and the manipulation of one single source is usually not
potent enough to induce changes in the duration of the
step cycle (Duysens and Stein, 1978). Furthermore, in
both cat and human, it is known that higher centers in
the brainstem or cortex can produce changes in the
transmission of spinal reflexes. Hence, humans consist
actually of several robots at the same time, correspond-
ing to the different layers of neural control. The higher
level robot can influence the way the lower level
controllers are interacting. The ‘‘spinal robot’’, ex-
plained in the present paper, provides the lowest basic
robot level. This level is presumably what one uses when
one is making long walks and hardly is aware that one is
walking. This automated level of walking can easily be
combined with other tasks such as talking to a
companion. However, as one grows older, one realizes
that walking becomes less automated as it is much
harder or even impossible for some elderly to combine
such different tasks (Lundin-Olsson et al., 1997).
Similarly, patients with a knee prosthesis walk appar-
ently normally unless they are asked to perform a
double task (cognitive load; De Visser et al., 1998).
It is clear that under these conditions, the control of

the walking behavior requires a high degree of conscious
control. How much of the spinal robot is still used under
these conditions is an open question. Nevertheless, this
should not discourage attempts to model the spinal
robot since its achievements are impressive enough to be
a useful example for engineers designing artificial
walking robots. For example, the application of some
of the principles governing gait of the ‘‘spinal robot’’
(limb unloading and hip extension at end stance) have
already proven extremely useful for the design of
training programs to restore gait not only in cats with
transected spinal cord but also in patients with spinal
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cord injury (Dietz et al., 1994, 1995; Harkema et al.,
1997; Dobkin et al., 1995; Wernig et al., 1995, 1999).

4. Conclusion

In cat, and presumably also in humans, gait is
regulated through feedback from load receptors onto
the so-called central pattern generators (CPG), circuits
involved in the generation of rhythmic locomotor
output. Load-detecting receptors play an important role
in the control of the intensity and duration of the stance
phase in the step cycle. This is achieved through reflexes
that are not apparent in the immobile animal. Reinfor-
cing force feedback assists the muscle activity of
extensors in this period and suppresses flexor activity.
As long as the limb is loaded, the onset of the next
flexion should be delayed. It is suggested that these
principles can be useful in the design of walking robots.
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