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I. INTRODUCTION

Humans show remarkable skills in reactive balancing
control on unknown disturbances while standing and walk-
ing.Though current bipedal robots can walk, run and step
obstacles, they normally perform in a well-controlled envi-
ronment. Still unexpected perturbations can cause a fall of
bipedal robots, therefore advanced capabilities for rejecting
unknown disturbances are needed. Studies from neurology
and psychophysics of human stance attempt to examine how
the human deals with external disturbances.

In the following, a short overview of how some of those
findings are interpreted and integrated into a behaviour based
control architecture for bipedal locomotion is given. Firstly
a short introduction to the control architecture is given.
Secondly a method for integrating a method for disturbance
estimation and compensation (DEC) while standing is illus-
trated. In the third section an approach to classify, detect and
react to external pushes during walking is proposed.

II. CONTROL ARCHITECTURE

Neuroscience implies that in humans the control of move-
ment is of hierarchical structure. The interpretation and
consequently the structure of the behavior network forming
the architecture is shown in Fig. 1. It consists of six classes
of control units:

• Locomotion modes represent the form of locomotion.
• spinal pattern generators (SPG) state machine-like units,

transitions are triggered by kinetic or kinematic events.
• Motion phases states within the SPG, stimulate a set

of stimuli for feed-forward control commands and
appropriate feedback units.

• Motor patterns generate local torque impulses directed
at only one or a few adjacent joints.

• Postural reflexes Feedback requiring whole body sensory
information.

• local reflexes Feedback based on local sensor information
acting on spatially related joints.

The basic idea behind the controller is to shape the passive
system dynamics with the employed torques to create the
desired motion. Hence kinematics are implicitly encapsulated
in the set of torque commands. From the feed-forward torque
command generated by the motor patterns shaped by the
output of the local and postural reflexes emerges a robust,
natural looking and energy efficient gait.
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Fig. 1. Hierarchical layout of the six classes of control units, stimulation
and modulation pathways, and connection to the mechatronics [1].

III. DISTURBANCES ESTIMATION AND COMPENSATION
WHILE STANDING

Clinicians and neurologists [2–8] diagnose balancing
in humans in order to understand their ability of postural
control in presence of unexpected disturbances. Mergner et al.
propose an disturbance estimation and compensation model
(DEC) [7,8] for the postural control of a robot based on
reconstructing the vestibular system and estimating external
disturbances based on proprioceptive sensory information. The
estimations are fed into a local ankle controller to compensate
the disturbances. The human body is modelled as a single
inverted pendulum (LIPM). The four considered external
disturbances are torque induced by gravity, g, external forces,
Fext, ankle angular displacement, αfs, and surface translation
with foot-space translational acceleration in sagittal plane,
ẍfs. In a first stage proprioceptive sensory information is
fused to derive measures of the physical variables related to
the disturbances. In a second step the physical variables are
fused to yield the estimates of the external disturbances. The
integration of the DEC model into the behaviour network is
illustrated in Fig. 2.
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Fig. 2. The integration of DEC model into the behavior based control
structure.



To prove the DEC concept and its implementation experi-
ments where the following disturbances have been applied to
the simulated biped were conducted:

• Periodic rotation of the support surface.
• Aperiodic rotation of the support surface.
• Periodic rotation of the support surface with additional

external pushes.
The results show that the DEC model is able to compensate
those disturbances successfully.

IV. STRATEGIES FOR PUSH RECOVERY WHILE WALKING

While push recovery during standing has been vastly
investigated [9–11], strategies to be employed during walking
haven’t been explored explicitly.

In order to react to unexpected external pushes the
occurrence of a push must be detected. For push detection
the extrapolated Center of Mass (XcoM) introduced by Hof
et al. [12] is used as a indicator. Here the XcoM is calculated
based on a simplified model, while the undisturbed XcoM
trajectory during walking can be approximated by the first
quarter of a sine wave modulated by the velocity [1]. The
main indicator used is the deviation XcoMcorr between the
actual and the target trajectory of the XcoM. If this deviation
is bigger than a threshold we assume that a push is detected.
As suggested by Hof et al. [13] in order to keep the biped in
a stable state the XcoM trajectory is compared to the sagittal
position of the center of pressure xcop:

xcop ≥ xcom, (1)

The integration of the two detectors and of the push recovery
controller in the general control scheme is illustrated in Fig. 3.
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Fig. 3. Integration of the two detectors and the push recovery controller
into the general control scheme.

hip and ankle strategy is employed. XcoMcorr is used to
modulate the torques applied to the hip and ankle joint in
sagittal plane in order to increase step length. In case the
push is detected after the foot leaves the ground the leg can
not be accelerated any further. Hence a Knee Strategy is
introduced. Once the foot gains ground contact and a push
was detected the stiffness of the knee joint is continuously
increased while the set equilibrium point follows the actual
motion. Thereby the knee joint absorbs the kinetic energy
introduced by the external push.

To verify both strategies experiments have been conducted
on level and uneven ground applying pushes of 200N

corresponding to strong pushes. A gait cycle of the simulated
biped after experiencing a push on uneven terrain is shown
in Fig. 4.

Fig. 4. One gait cycle of the simulated biped walking on uneven terrain
while experiencing an external push indicated by the red arrow (from top
right to low left).
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