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Abstract— In human walking, the swing leg moves backward
just prior to ground contact, i.e. the relative angle between
the thighs is decreasing. We hypothesized that this swing leg
retraction may have a positive effect on gait stability, because
similar effects have been reported in passive dynamic walking
models, in running models, and in robot juggling. For this study,
we use a simple inverted pendulum model for the stance leg. The
swing leg is assumed to accurately follow a time-based trajectory.
The model walks down a shallow slope for energy input which
is balanced by the impact losses at heel strike. With this model
we show that a mild retraction speed indeed improves stability,
while gaits without a retraction phase (the swing leg keeps moving
forward) are consistently unstable. By walking with shorter steps
or on a steeper slope, the range of stable retraction speeds
increases, suggesting a better robustness. The conclusions of this
paper are therefore twofold; (1) use a mild swing leg retraction
speed for better stability, and (2) walking faster is easier.

Index Terms— Swing leg trajectory, dynamic walking, biped,
swing leg retraction

I. INTRODUCTION

In human walking, the swing leg moves forward to maximal
extension and then it moves backward just prior to ground
contact. This backward motion is called ‘swing leg retraction’;
the swing foot stops moving forward relative to the floor
and it may even slightly move backward. In biomechanics
it is generally believed that humans apply this effect (also
called ‘ground speed matching’) in order to reduce heel strike
impacts. However, we believe that there is a different way
in which swing leg retraction can have a positive effect on
stability; a fast step (too much energy) would automatically
lead to a longer step length, resulting in a larger energy loss
at heel strike. And conversely, a slow step (too little energy)
would automatically lead to a shorter step length, resulting in
less heel strike loss. This could be a useful stabilizing effect
for walking robots.

The primary motivation to study swing leg retraction comes
from our previous work on passive dynamic walking [15], [4],
[18]. Passive dynamic walking [11] robots can demonstrate
stable walking without any actuation or control. Their energy
comes from walking downhill and their stability results from
the natural dynamic pendulum motions of the legs. Interest-
ingly, such walkers possess two equilibrium gaits, a ‘long
period gait’ and a ‘short period gait’ [12], [5]. The long
period gait has a retraction phase, and this gait is the only
one that can be stable. The short period gait has no swing
leg retraction. This solution is usually dismissed, as it never
provides passively stable gaits.

More motivation stems from work on juggling and running,
two other underactuated dynamic tasks with intermittent con-
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tact. The work on juggling [14] featured a robot that had to hit
a ball which would then ballistically follow a vertical trajectory
up and back down until it was hit again. The research showed
that stable juggling occurs if the robot hand is following a well
chosen trajectory, such that its upward motion is decelerating
when hitting the ball. The stable juggling motion required no
knowledge of the actual position of the ball. We feel that the
motion of the hand and ball is analogous to that of the swing
leg and stance leg, respectively. Also analogous is the work
on a simple point-mass running model [16]. It was shown that
the stability of the model was significantly improved by the
implementation of a retraction phase in the swing leg motion.
It has been suggested [13] that this effect also appears in
walking.

In this paper we investigate the stabilizing influence of the
swing leg retraction speed just prior to heel strike impact. We
use a Poincaré map analysis of a simple point-mass model
(Section II). The results are shown in Section III, including a
peculiar asymmetric gait that is more stable than any of the
symmetric solutions. Section IV reports that the results are
also valid for a model with a more realistic mass distribution.
The discussion and conclusion are presented in Sections V and
VI

II. SIMULATION MODEL AND PROCEDURE

The research in this paper is performed with an inverted
pendulum model consisting of two straight and massless legs
(no body) and a single point mass at the hip joint, see Fig. 1.
Straight legged (‘compass gait’) models are widely used as an
approximation for dynamic walking [7], [6], [9], [8], [5].
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Fig. 1. Our inverse pendulum model, closely related to the ‘Simplest Walking
Model’ of [5].

A. Stance leg

The stance leg is modeled as a simple inverted pendulum
of length 1 (m) and mass 1 (kg) (Fig. 1). It undergoes


















