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1 Introduction

This paper surveys the research in dynamically stable
legged locomotion in our lab over the past ten years. Our
robots share a reliance on the passive dynamics of their
suitably designed dynamical system, low degree-of-
freedom electric actuation coupled with a minimalistic
approach to mechanical complexity, radially compliant leg
designs which decouple the actuators from gravitational
loads, minimal reliance on complex feedback-based
controllers, a complete system design approach for
dynamic mobility and autonomy, and increasingly,
biological inspiration. Our one, four and six-legged
running robots exemplify these fundamental design and
control principles, which are critical to their success,
measured in terms of stability, energy efficiency and
speed.

For any mobile robot to be of practical utility, it must be
able to operate without tether for a sufficient amount of
time, where ‘sufficient’ is determined by the particular
application, and can mean anywhere from 2 hour to days.
Dynamic legged robots already face a multitude of design
and operational constraints arising from the under-actuated
nature of their dynamics, the limited horizontal ground
force to avoid slipping, the small stance times during
which control can be applied, the limited bandwidth of
control that can be applied due to series compliances
necessary for transient energy storage, and the limited
power and energy densities of commercial actuators.
When adding the need for power autonomy based on low
energy density batteries, it becomes clear that a successful
legged robot must be designed as a complete system from
the beginning, taking into account realistic models of
actuators, that will, almost by definition, operate at their
limits of performance and will thus effect the types of
controllers that can be applied.

Similarly, required runtime based on energy efficiency
cannot be an afterthought, but must be taken into account
at the robot’s design stage, based on a knowledge of the

required dynamic regimes. An increasingly accepted
measure of energy efficiency is the ‘specific resistance’ —
a measure proposed originally by Gabrielli and von
Karman [1] in 1950,
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where P is the average power expenditure, m is the total
mass of the vehicle, g is the gravitational acceleration, and
v is the forward speed.

2 One-legged hopping: ARL Monopods

The classical system to study dynamic robot locomotion
has been the one-legged hopping robot, featuring a single,
compliant prismatic leg. Early experiments by Matsuoka
[2] were based on this system. Subsequently, about 20
years ago, Raibert [3] began his pioneering research on
running robots, and developed one-, two- and four-legged
running robots, whose performance is still largely
unsurpassed and forms the yardstick by which robots are
still measured today.

His first monopods provided proof of the basic principles
at work — the importance of properly built mechanical
systems that support the desired motion, symmetry of
motion, the decoupled three-part control of hopping
height, body pitch, and forward speed, and the ability to
generalize these principles to multi-legged robots.

Despite the limited practical utility of monopods, the
presence of a basic spring loaded inverted pendulum
dynamics in robots with multiple legs, with articulated
legs, as well as in humans and a large number of animals
across a wide range of size and weight, with various
number of legs and complex leg morphology [4], have
made monopods the system of choice to study
dynamically stable legged locomotion [5,6,7].

Our work has primarily been inspired by Raibert’s ground
breaking work. Our focus was the development of robot
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designs and controllers for stable running with power
autonomy based on standard electric actuation, instead of
tethered, powerful hydraulic actuation. Our planar ARL
Monopod 1 [8,9] demonstrated that by designing the
dynamical system, including the compliance, actuator and
transmission models, as well as the operating modes in the
design process from the beginning, it was possible to
achieve dynamically stable locomotion based on electric
motors, despite drastically reduced actuator power and
energy densities. ARL Monopod I was able to run at up to
1.2 m/s with a specific resistance of 0.7 based on an
average mechanical power of 125 W at 1.2 m/s. While the
speed and body pitch controllers were similar to Raibert’s,
we developed a new thrusting controller during stance,
based on the motor’s scaled torque-speed curve [9]. This
controller was exactly implementable, transferred
sufficient energy during the short stance phase of approx.
0.2 s and stabilized the hopping height over the full speed
range.

A detailed energetic analysis of these experimental results
[9] showed that just swinging the leg cost 40% of the total
mechanical energy at top speed. Yet much of this energy
can be saved by introducing a series compliance in the hip
and relying on a properly sustained body-leg counter-
oscillation to swing the leg. A stable and robust running
controller for such a system was proposed in [10], and
ARL Monopod II (Fig. 1) was constructed to exploit these
potentially drastic energy savings. Like the previous
version, it consisted of a body connected to a compliant
prismatic leg at the hip joint, and was constrained to move
in a vertical plane. It was about 0.7 m tall and weighs 18
kg. The system now had a total of seven degrees of
freedom, but due to kinematic constraints, not all of them
are free simultaneously. During stance there are five
degrees of freedom and during flight there are six. Both
the hip and leg actuators are connected in series with the
springs. With only two actuator inputs - the hip and leg
motor torques — the system is highly under-actuated.

Running is a combination of two synchronized
oscillations, the vertical hopping motion and the counter-
oscillations of the leg and body about the hip via the hip
spring. With proper initial conditions, the robot can hop
for a few steps completely un-actuated, before it falls. This
running motion is unstable, but is produced entirely by the
robot's passive dynamics. It can be stabilized via minimal
actuator effort to compensate for the losses and errors. The
CPDR strategy [11] calculates the ideal passive joint
trajectories for any given forward speed and uses them as
the nominal input reference trajectories to the joint
controllers for tracking. The two control tasks are
synchronized by expressing the trajectories in terms of
“Locomotion Time” n (Fig. 2) which re-scales time such
that stance and flight times are mapped onto a fixed
interval on the real line. As long as the speed changes are

gradual, and during steady state running, the desired leg
angle trajectory is close to passive hip-leg oscillation and
tracking the reference trajectory can readily be achieved
by a model based controller.

Figure 1: ARL Monopod II
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Figure 2: Velocity controller

Hopping height was controlled precisely to within 1 cm
via a new adaptive energy-based feedback controller.
Implementation of Controlled Passive Dynamic Running
permits running at up to 1.2 m/s with a total mechanical
power expenditure of only 48 W, which translates into a
specific resistance (based on mechanical power
expenditure only) of only 0.22, a reduction of almost 70%
from the specific resistance of ARL Monopod I with
directly actuated hip [11].

3 Four-legged locomotion: Scout I, IT

The ARL Monopods showed the feasibility of
dynamically stable robots with fewer actuators than
degrees of freedom that move fast and efficiently based on
standard electric actuators. How could these properties be
extended to more practical quadruped robots? In order to
further enhance practical utility, we are interested in
minimally complex mechanical systems, by virtue of their
potential for lower cost, lower weight, and higher
robustness.



To explore the limits of simplicity, we pursued the design
and control of a prototype quadruped, Scout I, with stiff
legs, and only one actuator per leg, located at the hip joint
[12,13] (Fig. 3). The resulting lack of the legs’ kinematic
dexterity was compensated by a dynamically dextrous
mode of operation - the robot walks by rocking back and
forth. Surprisingly, stable dynamic walking was achieved
by a controller that matched the simplicity of the robot —
with the front legs stationary, the back legs touch down at
a fixed angle and sweep a fixed distance as well. The
resulting controller requires only one actuator for the
entire robot (driving both back legs) for walking in the
sagittal plane and only touchdown sensing and hip motor
control. Full planar mobility on flat floors and dynamic
step climbing up to 45% of leg length was demonstrated
successfully on this platform. A numerical Poincaré
analysis based on experimental data confirmed local fixed
point stability and showed a large domain of attraction
[13].
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Fig. 4: Scout I stable experimental performance with open
loop ramp controller (from [12]).

Could the somewhat radical single-actuator-per-leg
paradigm that enabled Scout I to walk dynamically with
stiff legs, be extended successfully to quadruped running
with compliant legs? The positive answer to this question
was demonstrated by the larger and un-tethered Scout II.

Scout II has been designed from the ground up for
autonomous operation: The two hip assemblies contain the
actuators and batteries, and the body houses all computing,
interfacing and power distribution. The mechanical design
(Fig. 5) is an exercise in simplicity. Besides its modular
design, the most striking feature inherited from Scout I is
the fact that it uses a single actuator per leg — the hip joint
provides leg rotation in the sagittal plane. Each leg
assembly consists of a lower and an upper leg, connected
via a spring to form a compliant prismatic joint. Thus each
leg has two degrees of freedom, one actuated hip and one
un-actuated radial compliance.

Front hip assembly

Figure 5: Scout 11

Like most running robots, Scout II is an under-actuated,
highly nonlinear, intermittent dynamical system. Despite
this complexity, we find consistently, just like Raibert did,
that simple control laws can stabilize periodic motions,
resulting in robust and fast running. Surprisingly, some
controllers do not require task level feedback like forward
velocity, or body angle. What is more, there seem to exist
many such simple stabilizing controllers — in [14] three
variations are introduced. It is remarkable that the
significant controller differences have relatively minor
effects on bounding performance! For this reason and for
brevity we shall describe one of these controllers here.

The controller is based on two individual, independent leg
controllers, without a notion of overall body state. The
front and back legs each detect two leg states - stance
(touching ground) and flight (otherwise), which are
separated by touchdown and lift-off events. There is no



actively controlled coupling between the fore and hind
legs — the resulting bounding motion is purely the result of
the controller interaction through the multi-body dynamic
system. During flight, the controller servos the flight leg to

a desired touchdown hip angle, @,, then sweeps the leg

during stance until a sweep limit, ¢, is reached. In stance

phase, a constant torque of 35 Nm is commanded at the
hip until the sweep limit is reached. Then a PD controller
controls the hip angle at the sweep limit angle. Even
though we show only the results for one of several
controllers implemented, experimental performance for all
of them is very similar — resulting in stable and robust
bounding, at top speeds between 0.9 and 1.2 m/s (Fig. 6).
Stable pronking gaits can also be achieved by simply
changing the touchdown and sweep limit set points.
Specific resistance of 0.3 during bounding at 1.2 m/s is
close to that of ARL Monopod II (Fig. 7).

Figure 6: Illustration of a bounding gait (left) and Scout II
bounding (right).
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Fig. 7: Specific resistance as a function of forward speed
based on mechanical (top) and total electrical (bottom)
power consumption.

4 Six-legged locomotion: RHex

The design and control of RHex (Fig. 8) was
inspired by recent research in biology [4,15]- in particular
cockroach locomotion. The RHex research group (at
McGill, UC Berkeley, U. Michigan, and recently Carnegie
Mellon University) has successful captured some of the
key biomimetic functions [16] in the simple RHex
morphology. This has imbued RHex with outstanding
mobility over many types of terrain [17,18].

Figure 8: RHex in rough terrain and on stairs.

As in Scout II, the body contains all elements for
autonomous operation, including computing, I/O, sensing,
actuation, and batteries. Unlike most six-legged robots
built to date, RHex has compliant legs, and was built to be
a runner. Each leg has, again, only one actuator located at
the hip and rotates in the sagittal plane. Even though the
leg design does not use a prismatic joint, it is designed to
act largely like a radial compliance, by virtue of its
structural, distributed leg compliance. RHex walks with a
compliant tripod gait, and eliminates toe -clearance
problems by rotating the legs in a full circle.

Since the present prototype robot has no external sensors
by which its body coordinates may be estimated, we have
used joint space closed loop (“proprioceptive”) but task
space open loop control strategies. These are tailored to
demonstrate the intrinsic stability properties of the
compliant hexapod morphology and emphasize its ability
to operate without a sensor-rich environment. Specifically,
we employ a four-parameter family of controllers that
yields stable walking, running and turning of the hexapod
on varied terrain, without explicit enforcement of quasi-
static stability. All controllers generate periodic desired
trajectories for each hip joint, which are then enforced by
six local PD controllers, one for each hip actuator. As
such, they represent examples near one extreme of
possible control strategies, which range from purely open-
loop controllers to control laws that are solely functions of
the leg and rigid body state. It is evident that neither one
of these extremes is the best approach and a combination
of these should be adopted. An alternating tripod pattern
governs both the running and turning controllers, where



the legs forming the left and right tripods are synchronized
with each other and are 180° out of phase with the
opposite tripod, as shown in Fig. 9.
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Figure 9: Motion profiles for left and right tripods.

The running controller's target trajectories for each tripod
are periodic functions of time, parametrized by four
variables: tc, ts, ¢s and do. The period of both profiles is
te. In conjunction with ts, it determines the duty factor of
each tripod. In a single cycle, both tripods go through their
slow and fast phases, covering ¢s and 2w - ¢s of the
complete rotation, respectively. The duration of double
support td, when all six legs are in contact with the
ground, is determined by the duty factors of both tripods.
Finally, the ¢o parameter offsets the motion profile with
respect to the vertical. Note that both profiles are
monotonically increasing in time; but they can be negated
to obtain backward running.

To date, RHex has demonstrated one of the key
advantages of legged systems over other types of mobile
platforms: versatility. The tripod gait with its four
parameters described above enables RHex to traverse a
large variety of obstacles, and move over rugged and
highly fractured terrain [18] at speeds of one body length
per second. A waterproof prototype has demonstrated
swimming based on the same tripod gait. New gait
patterns enable it to pronk with a flight phase [19] and
climb varied, full size stairs, including 42 degree steep fire
escape stairs [20,21]. Ongoing research aims at leaping,
fast running gaits, improvements in runtime beyond the
current maximum of one hour.

5 Conclusion

Research in legged robots over the past four decades and
in dynamically stable legged robots over the past two
decades has produced a wealth of design and control

paradigms and an impressive variety of experimental
prototypes with one, two, four, six and eight legs. The
research described in this article represents but a tiny
fraction of this exciting field. Our research focused on
legged robots with minimal mechanical complexity,
which, by virtue of their dynamical dexterity, suitably
designed unforced dynamics, biological inspiration, and a
complete system design approach, can rival the mobility,
speed, energy efficiency and overall performance of more
complex systems.
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