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Abstract— We describe three bipedal robots that are designed
and controlled based on principles learned from the gaits of
passive dynamic walking robots. This paper explains the common
control structure and design procedure used to determine the
mechanical and control parameters of each robot. We present
this work in the context of three robots: Denise, the Delft
pneumatic biped, R1, a highly backdrivable electric biped, and
R2, a hydraulic biped. This work illustrates the application of
passive dynamic principles to powered systems with significant
control authority.

Index Terms—Passive dynamic walking, biped, compliance,
humanoid, bipedal walking.

I. INTRODUCTION

Humans walk with a robust, natural gait that appears to
require little effort for control. Several approaches to develop-
ing bipedal robots with these capabilities have been pursued,
including the zero moment point approach [1], [2], the hybrid
zero dynamics approach [3], virtual model control [4], central
pattern generator-based walking [5], hand-designed walking
gaits [6], and passive dynamic-based walking [7], [8]. Because
approaches based on passive dynamics produce natural looking
and efficient gaits, we believe that it is a promising point of
departure for the development of human-like walking bipedal
robots.

A major challenge in applying this approach is adding
actuation and control authority. The original passive walkers
performed their downhill walking motion without the need for
actuators or controls [7], [8]. This approach resulted in highly
efficient gaits, but limited versatility (they only walked at one
speed for a given floor slope) and robustness (the floor needed
to be flat and rigid). By adding actuators, the machines gain
controllability but lose passiveness.

Why is passiveness important? The low energy requirement
of passive motion is one reason. However, passiveness also
results in compliance; the unactuated joints comply to distur-
bances from the environment. We believe that compliance is
an important characteristic for robust control of underactuated
systems. Although we use passive walking as a starting point,
our main interest is in compliant gaits that can be realized in
powered machines.

Compliance allows a system to control which state variables
will be affected by disturbances, and in this way increase the
stability of the system by directing energy into modes where
the energy can be easily dissipated. A compliant walking
machine that uses simple control laws to quickly generate

Fig. 1. Three powered biped robots shown in order of increasing actuation
from left to right; Denise, the Delft pneumatic biped (left), R1, the CMU
electric biped (middle) and R2, the Sarcos hydraulic biped (right).

reasonable responses to poorly characterized disturbances is
the long term goal of this research.

For which degrees of freedom and in which phases of the
motions is compliance desirable? We explore these questions
by working with the Delft pneumatic biped Denise [9], with
a new electric biped, R1, and with a new hydraulic biped, R2
(Fig. 1). For the two new robots, the first task is to obtain a
gait that is similar to the passive-based gait of Denise.

In this paper, we describe how our experience in passive
walking is applied to the two new robots. Section II briefly
describes the robot hardware. The motivation behind our
controller structure is set out in Section III, followed by a
description of the walking results in Section IV. Section V
provides a preliminary discussion on the role of passiveness
and compliance in these walking motions.

II. EXPERIMENTAL ROBOTS

Pneumatic Biped Denise: The Delft pneumatic biped is
an autonomous 3D robot weighing 8 kg and standing 1.5 m
tall (Fig. 1). It has five internal degrees of freedom; one in
each ankle, one in each knee, and one in the hip (Fig. 2).
The ankles are somewhat unusual as they have a roll (lateral)
degree of freedom but not a pitch (sagittal) degree of freedom
[10]. Instead, the bottom of the feet are cylindrically shaped,
following the arc foot shape of the original passive walkers.
The lateral ankle joints have mechanical springs and damping
but no actuation. The passive knees have mechanical stops to
avoid hyperextension, and can be locked at full extension with
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