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1 Introduction

What are the common design and control principles of legged locomotion? To
approach this question we ask about the internal leg function, e.g. the number
of leg segments, the arrangements of muscles, ligaments and other soft tissue
within the leg and the appropriate muscle activation patterns in order to
generate a desired leg behavior. On the other hand we need to integrate the
leg into an overlying control system - the global leg function - such that we can
observe a ’complete’ movement pattern including legs and the supported body.
This means that if we have simple, biologically meaningful models describing
the leg behavior in a desired movement task we could use these leg templates
(i.e. simplified models, [1]) to derive the required leg control strategy. A very

Fig. 1. Leg function is divided into global and internal leg function. Global leg
function describes the leg control based on a given an internal leg function. The
internal leg function addresses issues of design and control of a segmented leg itself.
To identify control strategies we analyze the mechanical stability of select leg designs
at different levels of leg function.

simple description of the leg behavior is provided by the spring-mass model.
Here the force generated by the leg during stance phase is assumed to be
proportional to the amount of leg compression, i.e. the shorter the leg the
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higher the leg force. Despite its simplicity this model is a very powerful tool
to predict movement strategies or jumping performance ([2]). It can help to
better understand the role of leg segmentation or muscle function during fast
movements. Spring-like leg operation seems further on to be helpful to keep
control manageable even at highly dynamic situations with reduced sensory
perception.

In legged locomotion we observe a sudden change in leg behavior between
walking and running. This gait transition occurs in most animals at about the
same dimensionless speed at Froud number v2/gl equal to ca. 0.4. This indi-
cates that there could be a common mechanical basis for legged systems. If
this is true, then we might be able to derive mechanical design principles which
could equally describe walking and running depending on the selected system
condition (e.g. system energy) or movement strategy. In order to change gait,
either the mechanical system could change its behavior internally and selfor-
ganized or the overlaying control strategy could initiate the gait transition.
This might point to distinct movement primitives (i.e. programs) which could
be used to select gaits.

In order to derive a control strategy for a given mechanical system we
could use state-of-the-art control theory approaches. Here we rather suggest
a different approach. First, we build simplified mechanical models either on
a computer (i.e. simulation models) or as physical models (i.e. robots) and
explore their natural behavior for a variety of reasonable initial conditions
and model parameters. Later on, we compare the predictions of the different
models in between and with experiments of human or animal locomotion.
Finally we investigate the influence of the model parameters on the movement
performance and try to estimate the best control strategy in order to improve
system stability at the lowest possible sensory effort.

In this paper we will describe a series of simple models of internal and
global leg function and compare them with the behavior of two experimental
legged robots. We will start with two models addressing internal leg behav-
ior, a three-segment model with elastic joints and a two-segment model with
an extensor muscle. Afterwards, we present models describing the global leg
function in spring-mass running and walking. At the end we will explore the
behavior of the simple legged robots imitating walking and running.

2 Internal segmentation of the leg

In order to operate spring-like, the segmented leg must be able to bend and
extend stably. With two segments, a leg would have no problems to do so as
long as the internal leg joint is operating spring-like as well. Leg compression
directly translates into joint flexion which in turn results in a higher joint
torque and, consequently, also in an increased leg force. The only problem
could be generating a linear leg spring behavior. Therefore, the joint spring
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should be nonlinear in terms of the torque-angle characteristics, i.e. being
compliant at low compressions and being stiff at larger joint flexion.

If we extend the two-segment leg by one segment we obtain a three-segment
leg similar to the human leg with foot, shank and thigh. Now, leg compression
could result in different situations. Let us assume both internal leg joints (e.g.
ankle and knee) to be equally stiff and further assume completely symmetric
leg geometry (same segment lengths, same initial joint angles) we would expect
an equal distribution of the leg compression into joint flexion. Interestingly,
this is not the case (Fig. 2).

Fig. 2. Three-segment model with equal segment lengths (L1=L2=L3) and two
joint springs of same stiffness and same nominal angles (A). At a certain amount of
leg compression (B) symmetric bending of both joints becomes unstable. Depending
on infinitely small perturbation either one or the other joints starts to extend at
further leg compression (C). The other joint is flexing rapidly at the same time.

Even a perfect adjustment of the joint springs cannot avoid an asymmetric
joint behavior if a certain critical amount of leg compression is exceeded ([3]).
Here, one leg joint starts to extend whereas the second joint is flexing rapidly.
As a consequence, the leg is not shared equally between the joints and the leg
stiffness drops. This situation would lead to high local stresses at flexing joint
which could imply structural damage or failure in a real leg.

To avoid this disastrous behavior, different measures can be introduced.
One strategy is to steer the leg joint movements by a kinematic control ap-
proach keeping the joint angle at a desired trajectory. This intervention may
work at low energies if the controller is fast enough to counteract the sys-
tem dynamics. At faster leg movements, however, a more systematic change
is required.

The stability analysis of the three-segment leg reveals that different solu-
tions exist to avoid this intrinsic instability (Fig. 2).
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Strategy 1: The joint spring characteristics is slightly non-linear, e.g. the
joint stiffness increases with joint flexion. If one joint would flex more than
the other, the increase in joint stiffness will compensate for the mechanical
disadvantage of the more flexed joint. The model predicts a higher nonlin-
earity in joint with a more extend nominal configuration (e.g. knee compared
to ankle). This prediction was confirmed by experimental results ([4]). The
nonlinear properties of the tendons and aponeuroses connecting the muscle
to the skeleton could provide the required non-linearity of the joint torque
characteristics as observed in human running.

Strategy 2: The leg segmentation is asymmetric, i.e. the outer leg segments
are different in length. The model predicts that stable leg operation can be
achieved if the joint adjacent to the shorter outer segment (e.g. ankle in hu-
mans) is more flexed compared to the other leg joint. Also this finding is in
agreement with human leg design.

Fig. 3. Five strategies to avoid instability in an elastic three-segment leg: (A) non-
linear joint springs, (B) asymmetric leg segmentation and leg joint configuration,
(C) biarticular elastic structures, (D) joint constraints, e.g. heel contact, and (E)
operation in a bow configuration.

Strategy 3: The risk of asymmetric joint function due to mechanical insta-
bility can be reduced by adding biarticular elastic structures. In the case of
asymmetric leg segmentation (strategy 2) it suffices to have only on biarticular
spring which flexes the more extend joint (knee) and extends the more flexed
joint (ankle). The risk of over-extension of the ankle joint is largely avoided
by the flexed ankle configuration (about 80-120 degrees) during human loco-
motion. A biarticular antagonist of the m.gastrocnemius is not required and
does not exist in nature.

Strategy 4: Even if all previous strategies (1-3) fail to prevent instable leg
operation, there is still another hard-built safety measure to avoid overexten-
sion of the more extend leg joint (knee): the mechanical constraint of joint
flexion due to a skeletal structure, e.g. the calcaneus with the heel pad. If the
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activity of the plantar flexors is not sufficient the heel strike avoids the overex-
tension of the knee which would have serious consequences in many sportive
movements like running or long jump.

Strategy 5: Finally, there is a strategy to achieve stable leg operation by
using a very different nominal leg configuration by swapping the leg joints
(from a zigzag configuration) to the same side with respect to the leg axis
(bow configuration). The leg configuration is safe and cheap to control at cost
of limb stiffness and leg force. It can be found in upper limbs of humans or in
spiders.

All these strategies guarantee a parallel joint operation in a three segment
leg and can be found in nature. It is important to realize that these measures
are not exclusive but highly redundant. Similar to the air bags in our cars the
leg owns several design and control strategies to avoid mechanical instability
which could lead to serious damages of musculo-skeletal system.

Elastic joint behavior in itself does not guarantee stable leg operation
during contact. However, for the identified leg design and control strategies
(Fig. 3) the control of the highly nonlinear segmented leg could be highly
simplified. The results demonstrate that spring-like leg operation can be a key
for better understanding the architecture and function of biological legs. In
turn, if all required measures are undertaken to guarantee stable leg operation,
the spring-like leg operation can result at various loading situations.

3 Generation of muscle activity

Periodic movement patterns as observed in legged locomotion require a cyclic
action of the muscles within the body. The time series of the corresponding
muscle activation pattern could be the result of different mechanisms. One
possibility is the direct control of muscle activation by supraspinal commands.
In this case the exact timing of all muscles would require a high processing
capacity in the brain. A different approach would be the generation of peri-
odic movement patterns in the rhythm generators of the spinal cord (central
pattern generators). Then the higher control could be reduced to coordinate
these pattern generators. Another possibility is the generation of the required
muscle activation based on the dynamics of the musculo-skeletal system and
sensory feedback to the spinal cord. Such a control strategy could further re-
lax the neural control effort and could take advantage of positive side-effects
of the muscle-reflex dynamics.

In a simulation study ([5]), we asked which proprioceptive reflex loop would
be capable to generate the required muscle stimulation STIM for steady state
hopping on place (Fig. 4). Leg geometry is reduced to two leg segments with
one Hill-type extensor muscle spanning the leg joint. The body was repre-
sented by a point mass on top of the upper segment (Fig. 4). Muscle stim-
ulation was assumed to be the sum of a given central command STIM0 and
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a potential reflex contribution (gained and time delayed sensory signal based
on muscle length, muscle velocity or muscle force).

Fig. 4. (A) Two-segment leg model with one extensor muscle and proprioceptive
feedback. The activity of the -motoneuron driving the extensor muscle (STIM) was
assumed to be the sum of a central command STIM0 and a contribution of the re-
flex loop based on different sensory signals (muscle length, muscle velocity or muscle
force). Muscle stimulation STIM with and without sensory feedback for stable hop-
ping on place was calculated. (B) The best hopping performance based on sensory
feedback was achieved with positive force feedback and a constant signal STIM0.
Here, spring-like leg behavior could be found. (C) The muscle-reflex dynamics was
robust with respect to environmental changes like hopping on a dissipative substrate
(sand).

We found that steady state hopping was possible (1) with an optimized
stimulation pattern STIM0(t) or (2) based on a constant STIM0 and positive
length or positive force feedback. The force feedback proved to be very effi-
cient (hopping height) and robust with respect to external perturbations (e.g.
changed ground properties, Fig. 4C). At moderate hopping height, an almost
spring-like leg operation was predicted (Fig. 4B).

The simulation results indicate that the generation of the extensor muscle
activity in hopping or running tasks could be facilitated by positive force feed-
back. Instead of giving the muscle a precisely timed activation pattern, the
task is now executed based on a constant stimulation (STIM0) and proper
integration of proprioceptive signals into the activation of the extensor -
motoneuron. The control effort is therefore largely reduced and the leg be-
havior is more robust with respect to perturbations. Furthermore, the spring-
like leg behavior could be observed based on the muscle-reflex dynamics even
with no or little passive compliance (e.g. tendons). In that respect leg stiff-
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ness is an emergent steady-state behavior in cyclic hopping (or running) based
on the neural integration of sensory information and will therefore adapt to
environmental changes detected by the sensory organs.

In the last two sections two simplified models for the internal leg function
were introduced. Both models give new insights about how a spring-like leg
could be designed and controlled. We saw that compliant leg operation is not
just useful to store elastic energy. It turned out that it also helps to make
a segmented leg safe and robust when faced to external perturbations. In
the next two sections we will deal with the global leg function, i.e. how a
spring-like leg could be controlled to obtain stable locomotion as in running
or walking. We will provide evidence that spring-like leg operation may also
be useful to facilitate the global leg function, i.e. the way how the body can
utilize the limbs for stable locomotion.

4 Running with elastic legs

The movement of a single leg during walking and running is characterized by a
series of contact and swing phases. At lower speeds we prefer to walk whereas
we are running at higher speeds. During the stance phase of running the
leg compresses until midstance and extends afterward until the leg leaves the
ground. The force generated by the leg is about proportional to the amount of
leg compression. This leads to the concept of leg stiffness assuming a constant
ratio between leg force and leg compression. The spring-mass model describes
the movement of the centre of mass based on a spring-like leg operation during
stance phase ([6]).

For certain combinations of leg stiffness k and leg angle of attack α0 cyclic
motion of the center of mass (COM) can be observed (Fig. 5A). Interestingly,
cyclic movement can also be achieved for slightly changed initial conditions.
The movement of the center of mass approaches a steady state after a couple
of steps without changing the landing leg angle α0 (Fig. 5B). But even when
changing the angle of attack α0 stable running can be observed, although the
COM trajectory has slightly adapted. Hence, spring-mass running is selfstabi-
lizing and robust with respect to changes in the initial conditions and model
parameters (e.g. leg angle of attack, leg stiffness, system energy). The adjust-
ment of leg stiffness and angle of attack is not unique. At a given running
speed, different combinations are possible (Fig. 5B) and result in specific run-
ning styles, e.g. in terms of step length and step frequency. This prediction is
in agreement with experimental results ([8]). With increasing speed, the range
of successful combinations of leg angle and leg stiffness is even increased. In
contrast, at low speed (less than 3m/s) no stable running was observed with
the constant angle of attack control policy.

Looking at animal or human running reveals that the leg angle is not kept
constant prior to landing ([9]). In fact, a backward rotation of the leg with
respect to the body is observed. If we introducing this leg retraction we find an
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Fig. 5. Spring-mass running. (A) For certain combinations of leg stiffness k and
angle of attack α0 a cyclic movement of the centre of mass can be found. (B) Dif-
ferent angles of attack can result in stable running patterns (here α0=67, 68 with
leg stiffness k=20kN/m, body mass m=80kg, leg length L0=1m). Steeper angles
overrun a step and the next step is failed (α0=69) whereas flatter angles decelerate
the movements until forward velocity gets zero (α0=66). With leg retraction, e.g.
increasing α0 prior to landing, the angular adjustment can vary much more without
loosing running stability (not shown here, for details see [7]).

increased stability of spring-mass running. Even larger variations in internal
or external conditions (e.g. a change in ground level of 50 percent leg length
or running and low speeds) can be coped with when leg retraction is used.

In this section we introduced two global leg control strategies for running
with compliant legs: constant angle of attack and leg retraction. We found
that for a given system energy spring-mass running was stable for various
combinations of leg stiffness k and angle of attack α0. For higher running
speeds and by employing leg retraction running stability was largely enhanced.
This could be of advantage for keeping the control effort relaxed at high
running speeds.

5 From running to walking

So far only a single leg was considered in the analysis of spring-mass running.
As a next step we will generalize the model to bipedal locomotion. Does
the concept of a spring-like leg operation hold only for running with single
support phases? What happens to the system dynamics if more than one leg
is contacting the ground at the same time?

In a simulation study we investigated the behavior of a bipedal spring-
mass model ([10]). This model consists of two massless springs (leg stiffness
k) and one point mass representing the center of mass (COM). During single
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support one leg spring is contacting the ground whereas the second one is
aligned with a constant angle of attack. If the COM reaches the correspond-
ing landing height of the second leg before the first leg leaves the ground a
double support phase occurs (Fig. 6A). Although slightly more complex than

Fig. 6. Spring-Mass Walking. (A) For certain combinations of leg stiffness k and an-
gle of attack α0 a cyclic movement of the centre of mass can be found. (B) The single
leg force patterns (upper line: vertical force, lower line: horizontal force) resemble
that found in human and animal walking ([10]).

the previous running model, again stable solutions can be found for differ-
ent combinations of leg stiffness k and angle of attack α0. In contrast to the
single leg model, stable solutions with double support phases could only be
found for low system energies (forward speed lower than about 1.4 m/s). The
single leg forces predicted by the bipedal spring-mass model are very close
to the observed patterns in human and animal walking (Fig. 6B). The max-
imum walking speed corresponds is only slightly above the preferred walking
speed observed in humans. This might suggest a higher control effort at higher
walking speeds. Hence, mechanical stability and therefore a relaxed control
(rather than metabolic considerations) could be important criteria to explain
the preferred walking speed.

At high energies (forward speed larger than about 3 m/s) the previous
observed running pattern is found if the leg is only allowed to contact the
ground after the touch-down of the opposite leg. Thus, the bipedal spring-mass
model can predict stable walking and running based on a single mechanical
system. There is an energetic gap between the both gaits which can only
be used by a more complicated control strategy of the swing leg (e.g. leg
retraction).

The model suggests that walking and running are two natural and self-
stabilizing behaviors of a simple mechanical system. This concept has strong
implications on the design and control of legged systems in general. Leg com-
pliance is not only a strategy to facilitate control; it might also be the origin
for the existence of natural gaits. Furthermore, it resolves the issue of colli-



10 Seyfarth and others

sion avoidance which was addressed recently in studies on inverted pendulum
walking ([11]).

In the last two sections we have looked at consequences of compliant leg
operation at a global scale. We found that the two fundamental gaits of legged
locomotion are natural behaviors of elastic legs attached to a common center
of mass. In the next section simple legged robots will be introduced. How
does the behavior of a constructed leg compare to the conceptional models
for legged locomotion presented in the last four sections?

6 Exploration of simple legged robots

Elastic leg behavior can elucidate design and control strategies used in legged
systems. However, all models presented so far are based on computer simu-
lations or analytical calculations. Although we compare to predictions of the
models with experimental data we still do not know how useful these concepts
are in a realistic situation. Therefore, we built a series of very simple legged
robots to better understand to the pros and contras of our rather theoretical
models. We hope to see whether the assumptions we made so far are useful or
realistic and whether we might have missed other important issues in legged
systems.

How should a simple legged robot look like? A good approach can be found
in the pioneering work of Raibert and coworkers ([12]). These robots are made
of elastic legs (pogo sticks) which were controlled in order to keep body speed
and pitch at a desired value. We found the construction of a pogo stick leg
still mechanically expensive and decided consequently to build a simple two-
segment leg (Fig. 7A).

6.1 Robot testbed with elastic two-segment leg

Our goal is to explore the natural dynamics of a two-segment elastic leg during
forward hopping. The movement of the robot (Fig. 7) was constrained by a
metal beam which allowed the robot only to move in vertical and horizontal
direction. Body pitch movements were not allowed to keep the mechanical
system as simple as possible. The focus of this approach is to better understand
how legged systems are organized and not to build a complete or autonomous
legged robot. The movement of the leg was driven by a servo motor between
body and upper leg segment. The kinematics of this joint was given by a
sinusoidal function defined by oscillator frequency f, angular amplitude A and
offset angle O. The amplitude A was selected depending on the frequency
f such that the maximum angular velocity of the motor (1 rotation/s) was
approximated.

It is important to realize that the design of this robot was kept very crude
leading to some play in the joints. As a consequence the upper segment did
not follow the desired angular trajectory (Fig. 7A). Every time the leg hits the
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Fig. 7. (A) Robot ”Fujubot” with an elastic two-segment leg kinematically driven
at a sinusoidal trajectory using a servo motor at the hip. (B) Experimental data
for stable robot hopping. The angle of the upper segment (phi) is predefined by the
motor control. At touch-down (dotted vertical lines) retraction of the upper segment
was interrupted shortly.

ground leg retraction is interrupted. This is due to the fact that the leg joint is
flexing due to the landing impact. We compared this observation with experi-
mental data in human running and walking and found the same phenomenon.
At the same forward speed (1.8m/s) the relative timing of protraction and
retraction of the upper limb was very similar between walking and running.
Both, in the robot and in human running touchdown occurred clearly after
the initiation of limb retraction. This is in agreement with the predicted role
of leg retraction for running stability.

The robot demonstrated a variety of behaviors depending on the selected
oscillator frequency f and offset angle O. Surprisingly, at low oscillation the
hopping direction was opposite to the leg joint (Fig. 8A). This movement could
well be compared to a hopping bird. This behavior was not much sensitive
to changes in the control parameters. At higher frequencies (above 6Hz) a
more human like movement was observed. Then, the leg joint pointed forward
(similar to a human knee). At an intermediate region hopping on place was
observed with no substantial horizontal movement.

Why does the robot change its movement direction depending on the se-
lected control frequency? To approach this question the effect of active limb
retraction on the leg dynamics is considered in Figs. 8B and 8C. With no
retraction, leg force is directly dependent on limb configuration. This is a
consequence of the rotational spring which relates joint torque to joint angle.
If the hip is actively contributing to limb retraction (Fig. 8C), leg force is in-
creased or decreased depending on the geometrical relation between leg joint
torque and hip torque. In the birdlike hopping, leg force is reduced whereas the
force is increased in humanlike hopping. As a side effect of this increased (or
decreased) leg force the natural frequency of the hopping system is changed,
i.e. an increased leg force imitates to some extent a stronger (stiffer) leg which
has a higher natural frequency. Assuming that the oscillation of the hip con-
troller is synchronizing with the leg dynamics, a higher frequency would access
the stiffer gait pattern and vice versa.
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Fig. 8. (A) Dependency of hopping direction on control parameters (oscillation
frequency f, offset angle O) of the servo motor. (B) With no hip actuation the leg
force FLEG does merely depend on joint torque M and leg geometry. (C) Leg force
is enhanced compared to (B) if the hip is retracting actively (hip extension torque).
The opposite is true if leg retraction is pointing to the left. Here, the leg force is
reduced.

Hence, with compliant legs movement direction can be encoded as a fre-
quency signal. The detailed trajectory of the limb segments are not required to
control the different directions of movement. Stable hopping was robust with
respect to variations in the control parameters (oscillation frequency, offset
angle). This is in line with the selfstabilizing mechanisms of spring mass run-
ning. It remains to investigate in detail how the control parameters influence
the angle of attack and the effective leg stiffness. Furthermore, we found that
elastic joint behavior is important to deal with impacts (e.g. touch-down)
avoiding damage to the actuator. A simple harmonic oscillation in the hip
was sufficient to obtain stable hopping movement. The observed pro- and re-
traction tracings of the upper limb are very similar to those observed in human
walking and running. This encouraged us to build bipedal robots imitating
the hip strategy of the one-legged hopping robot. Based on this experimen-
tal platform we will extend the concept of spring-like hopping to compliant
walking.

6.2 Bipedal robot

The bipedal spring mass model indicates that compliant legs may facilitate
stable running and walking. Does this mean that walking is just running with
double support phases? We approach this question by comparing experimental
data on human walking and running with the behavior of a simple bipedal
robot. We will demonstrate that leg compliance is useful to generate stable
walking movements.

The analysis of the three segment model (section 1) indicates that elastic
operation joint operation may lead to a synchronous operation of the leg joints.
Such a behavior can be found in human running (Fig. 9) where during stance
both knee and ankle joint are flexing and extending in parallel. In walking
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this situation cannot be found: the knee joint is already extending during
midstance and the ankle joint is extending only at late stance phase when
the knee joint is flexing again. The desired function of a mechanical spring to
store and release elastic energy seems not to be fulfilled in a walking leg.

The high coordination between knee and ankle joint in running allows an
efficient push-off phase after midstance. The biarticular m.gastrocnemius is
transferring the high rotational energy of the knee joint to the ankle which
in turn is capable to generate a fast leg extension. In walking this coupling is
not found. The extension of the knee joint does not lead to a push-off phase
because the ankle joint is not following the knee extension. In the extend
configuration the knee is not able to contribute to leg lengthening but it has
a significant contribution to leg rotation. In fact the effect of thigh retraction
on leg retraction is reduced by knee extension and (later on) supported by
knee flexion. As a side effect the thigh is already protracting before the leg
leaves the ground (Fig. 9A).

Fig. 9. (A) Leg kinematics in walking and running at the preferred transition speed
(2 m/s). (B) Knee and ankle joint kinematics and vertical ground reaction forces
corresponding to (A). (C) Muscle activity of m.gastrocnemius medialis (GASm)
during walking and running at 2m/s. Muscle length is approximated by the difference
between knee and ankle angle (reference angle).

If the rotational energy during knee extension (at midstance in walking)
is not used for push-off, how can this energy be reused for locomotion? With
continuing thigh retraction during stance phase (e.g. due to active hip retrac-
tion) the m.gastrocnemius gets stretched and could use the knee rotation at a
later time to contribute to ankle extension. Hence, the high rotational energy
of the knee during midstance could still be reused for push-off triggered by
the amount of leg rotation during stance phase. Therefore, we hypothesized
that in walking the nominal length of the m.gastrocnemius should be longer
compared to running.

To test this hypothesis we measured the activity of m.gastrocnemius and
compared it with the length of the muscle (Fig. 9C). We found that muscle
activity was a function of muscle length and gait. In walking the EMG was
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active at clearly longer muscle length as compared to running. This indicates
that walking could take advantage of elastic biarticular structures spanning
knee and ankle joint.

Fig. 10. (A) Bipedal robot ”JenaWalker” with compliant legs. (B) Joint kinematics
of knee and ankle joint and ground reaction forces (GRF) during human walking
and (C) during robot walking. Dotted curves indicate opposite leg.e).

We followed this idea in our bipedal robot (Fig. 10A, [13]). In order to
investigate this gait-specific interplay between ankle and knee joint we de-
cided to use three segment legs. We placed a biarticular spring between knee
and ankle joint simulating the function of m.gastrocnemius. Furthermore two
’muscles’ were required in the leg, one foot flexor (m.tibialis anterior) and one
knee extensor (m.rectus femoris). This combination of elastic structures in a
three-segment leg turned out to be sufficient to generate stable locomotion.
In agreement with our experimental data on human walking we kept the hip
control the same as in the hopping robot (i.e. a simple harmonic oscillation).

An example of the leg kinematics and the ground reaction forces for stable
walking is given in Fig. 10C. The robot was able to reproduce the experimen-
tally observed knee and ankle joint kinematics (Fig. 10B). It is important to
notice that no effort was made to optimize the leg kinematics or the ground
reaction forces to fit biological data. The only used criterion for optimization
was a stable movement pattern. The robot was able to walk, hop and run in
a variety of configurations. For instance, walking was robust with respect to
changed step frequencies. Running was only possible for high offset angles.
This is due to the fact that the leg cannot bend freely during swing phase.

The legged robots presented in this paper demonstrate that stable walking
and running can be observed with compliant leg and simple harmonic oscil-
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lations at the hip joint. The movements are robust although both design and
control are very simple. In the three-segment leg, the function of knee and
ankle joint is gait-specific. The biarticular muscles could play an important
role in synchronizing the internal leg function depending on the selected gait.

Running can be considered as a gait with fast leg compression and fast
leg rotation. The leg rotation (retraction) is mainly provided by hip extension
and knee flexion (plus late ankle extension). Due to synchronized operation
of knee and ankle, the high joint angular velocities are slowed down in the
biarticular m.Gastrocnemius.

Walking is a gait with slow leg compressions and slow leg rotation. Leg
rotation is reduced by knee extension during midstance but supported by knee
flexion at early and late stance phase. As a consequence, the upper limb can
already start protraction while the leg is still at ground. This allows the hip
control to still follow a harmonic oscillation despite a duty factor larger 0.5.
Due to the out-of-phase operation of knee and ankle, the slow joint movements
are accelerated in the biarticular m.gastrocnemius. It needs further research
to better understand this intersegmental dynamics in walking and running at
different speeds and environmental conditions.

7 Conclusions

1. Simple biomechanical models and cheap design robots can help to better
understand legged locomotion.
2. The search for selfstability and the introduction of compliant structures
are effective tools to identify natural movement patterns and relax control
strategies.
3. Walking and running can be described as two natural movement patterns
of one mechanical system.
4. Elastic structures in a three segment leg can stabilize leg function during
running and walking.
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