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RHex: The CNM Hexapod

Most legged animals whose running has been studied exhibit mass center trajectories closely
resembling those of a pogo-stick(Full and Farley 1999). Over the course of our five year
DARPA/ ONR/SPAWAR sponsored project in Computational Neuromechanics and its
application to robotics, we have begun to answer the questions, how, why, and when, in a
mathematically rigorous and biologically testable manner. Addressing these simple questions
has simultaneously helped advance animal motion science as well as accelerated progress in
the design and control of useful legged robots.

From this research effort, numerous publications have appeared in peer-reviewed journals,
books, conference proceedings and technical archives. Delivered with this summary
overview of the work performed under these programs is a DVD of all archived publications,
technical presentations, quarterly reports and scientific posters.

How?

In our view, the pogo stick exemplifies a general approach to solving Bernstein's "degrees
of freedom" problem (Bernstein 1967) by representing in as few as possible degrees of
freedom the task of translating the body's mass center. It serves as a template around which
is stabilized (Full, Kubow et al. 2002) the body's high degree of freedom anchor (Full and
Koditschek 1999). One way to anchor a template is via joint level and body feedback
together with a careful model of the body's mechanics to achieve an attracting invariant
subamanifold whose restriction dynamics is a copy of the template (Saranli, Schwind et al.
1998; Nakanishi, Fukuda et al. 2000; Westervelt, Grizzle et al. 2003). However, animal
runners may not possess sufficient neural bandwidth to realize such controls at the rate
required for stability (Jindrich and Full 2002; Full, Kubow et al. 2003). Indeed, it is a fact
that our hexapedal running machine, RHex (Saranli, Buehler et al. 2001) anchors the same
pogo stick template with absolutely no sensory information about its body states or joint loci
(Altendorfer, Moore et al. 2001). Thus, for RHex and the fastest animal runners, the "how"
questions may be more sharply articulated as: (i) how is the template anchored, viapreflex
(Brown and Loeb 2000); and (ii) once anchored, how is the template stabilized?

The first of these restatements remains quite elusive, and we have only begun to address in
very low degree of freedom settings (Komsuoglu and Koditschek 2000) the question of how
an open loop periodic signal - a purely feedforward clock - might excite asymptotically
stable limit cycles in a passive mechanism, much less anchor a specified template by so
doing. In contrast, we have made steady progress toward elucidating the second. Inspired by
the novel biological hypothesis of self stability (Kubow and Full 1999), we proved
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mathematically (Schmitt and Holmes 2000) that the Lateral Leg Spring (LLS) model - a
horizontal version of the pogo stick well correlated with animal data (Full, Kubow et al.
2002) - does indeed exhibit a regime wherein gait stability arises in the near absence of any
feedback. Next, we developed a version of these mathematical arguments to prove that the
Spring Loaded Inverted Pendulum (SLIP) - the generally accepted model of the animal
runners' sagittal plane center of mass pogo stick - also enjoys an analogous self-stable
regime (Ghigliazza, Altendorfer et al. 2003). Most recently, by adding a moment of inertia to
the SLIP body and exploiting natural symmetry arguments, we have begun to relate this self-
stable regime to the observed behavior of RHex itself (Altendorfer, Koditschek and Holmes
2003). Thus, although a still distant vision glimpsed through the daunting terrain of
numerous unsolved mathematical problems, the picture begins to emerge of a day when
robots like RHex can be designed, implemented, and improved by mathematical
specification rather than empirical tuning or even numerical study.

Why?

There is almost surely a strongly favorable energetic consequence to pogo stick running
(Cavagna and Margaria 1966; Alexander 1990; Biewener and Baudinette 1995; Biewener,
Konieczynski et al. 1998; Full and Farley 1999). However, our emerging view, hearkening
back to the earliest traditions of animal motor science (Bernstein 1967), is that adopting such
templates has still more important benefits to the organization of the runners' otherwise
overwhelmingly complex coordination and control mechanisms.

Stability is essential to the performance of terrestrial locomotion. Arthropods are often
viewed as the quintessential example of a statically stable design but results from the study
of six and eight-legged runners (Blickhan and Full 1987; Full, Blickhan et al. 1991; Full and
Tu 1990; Full and Tu 1991) provide strong evidence that dynamic stability cannot be ignored
in fast, multi-legged runners that are maneuverable. Growing mechanical (Dudek and Full
2001; Dudek and Full 2002; Dudek and Full 2004) and behavioral (Jindrich and Full 2002;
Full, Kubow et al. 2003) evidence suggests that rapidly running arthropods are indeed able to
recruit the mechanically self stable gaits discussed above, lending further value by reducing
the attentional "cost" of control.

Of course, locomotion control consists not merely in stabilization of a given gait, but in agile
maneuvers that presume well organized coordination, wherein, once again, the benefits of
templates are significant. Once stabilized, the template itself can be reduced to a one degree
of freedom "skeleton" of relative timing given by its phase and the interrelationship of the
multiple copies necessitated by the need for multiple limbs can be coordinated by comparing
and regulating relative phases (Klavins and Koditschek 2002).

When?

Both clocks and mechanisms can oscillate in isolation. By their coupling, we get a more
complex family of oscillatory systems that parametrizes two trade-offs in the evolution of
this locomotor control architecture: the use of feedback vs. feedforward control strategies
(the extent to which the clocks' frequencies are influenced by those of the mechanisms); and
degree of centralization (the extent to which one clock's frequency is influenced by those of
its neighbors'). Choosing within this two dimensional continuum of trade-offs largely
determines the efficacy of a particular gait in a particular environment (Weingarten, Lopes
et al. 2004; Klavins et al. 2001; Klavins and Koditschek 2002), and early experiments with
RHex (Weingarten, Groff et al. 2004) suggest that each locomotion task within each variant
environment has an associated preferred point of operation on this plane.



Weighing the costs and benefits of the information exchange required to realize a given
architecture can be used to make specific predictions about how animals' coordination
capabilities will change or even fail as internal noise (decrements in the available neural
channel capacity) or external bandwidth requirements (increments in the speed and or
precision of the required mechanical coordination) are varied. In the face of the highest
bandwidth performance tasks, the neural communications channels may be too noisy to
permit high enough feedback or synchronization gains, and the animal may be forced to
operate in a decentralized and feedforward manner, where coordination is achieved through
mechanical coupling, and stability is achieved by preflex. As the bandwidth requirements of
the task decrease relative to the available internal neural channel capacity, higher reflex and
synchronization loop gains could be tolerated, increasing the efficacy of feedback and
central authority.

Against the backdrop of such considerations, we hypothesize that tasks requiring rapid
response to small perturbations within reasonably well structured environments will induce
operation in the decentralized feedforward regime, while tasks presenting less predictable
environments with less need for absolute speed will begin to benefit from more feedback and
a greater degree of centralization. Experiments with animals in "Neuromechanical Systems
Biology" (NSF Press Rel 2004) resulting from a new NSF award in the cross-cutting
Frontiers of Integtrative Biology Research that has its origins in this project will probe this
same question in biologically relevant terms and techniques.

RHex

The potential value of dynamically stable robotic locomotion was dramatically demonstrated
two decades ago in a series of breakthrough mono-, bi- and quadrupedal hopping machines
(Raibert 1986). These first dynamically dexterous robots ushered in a new understanding
that robot programming could be construed as managing the phase of energy expenditure in
the working environment. The central importance of underactuated (i.e., there are fewer
actuators than degrees of freedom and their limited power is explicitly accounted for) design
for autonomous legged machines was demonstrated in the Scout class of quadrupeds
(Buehler et al. 1998), which also pioneered the use of compliant sprawled posture in
quadruped bounding with consequent self-stabilized roll (Papadopoulos and Buehler 2000).

By integrating the virtues of these breakthroughs with biological inspiration from dynamic
legged locomotion in arthropods, we designed the hexapedal robot, RHex. RHex is the
world's first autonomous legged machine capable of mobility in general terrain approaching
that of an animal. RHex (Buehler, Saranli et al. 2002) exhibits unprecedented mobility over
badly broken terrain (Fig. 3). Its normalized speed is at least five times greater than that of
any prior autonomous legged machine (Saranli, Buehler et al. 2001). Its normalized
efficiency again sets a new benchmark for autonomous legged machines, approaching that of
animals (Weingarten, Lopes et al. 2004). Not coincidentally, RHex exhibits the mass center
dynamics displayed by legged animals (Altendorfer, Moore et al. 2001).

The crucial new contribution RHex makes to legged locomotion lies in its ability to recruit a
compliant sprawled posture (Saranli, Buehler et al. 2001) for completely open loop stable
dynamic operation (Altendorfer, Koditschek and Holmes 2003). Unlike prior legged
machines that operate either only quasi-statically or only dynamically, RHex exhibits both
capabilities. Its six legs and elongated body allow it to stand, creep, or walk with its center of
pressure well contained within a tripod (or more) of support. However, as its speed moves
into the regime of one body length per second and beyond, a well tuned RHex develops



dynamic bouncing gaits (Altendorfer, Moore et al. 2001) characterized by regular periodic
steady state COM motions that resist severe and even adversarial perturbations (Saranli,
Buehler et al. 2001). Recently, we have reported as well the introduction of stable and
efficient bipedal gaits for RHex (Neville and Buehler 2003). In view of this task open loop
stability, RHex presents a compelling physical model of the biological notion that "preflex"
(Brown and Loeb 2000) stabilization may represent a key advantage of sprawled posture
running.
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