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Abstract Here we present the design of a passive
dynamics based, fully autonomous, 3-D, bipedal walking robot
that uses simple control, consumes little energy, and has
human-like morphology and gait. Design aspects covered here
include the freely rotating hip joint with angle bisecting
mechanism; freely rotating knee joints with latches; direct
actuation of the ankles with a spring, release mechanism,
and reset motor; wide feet that are shaped to aid lateral
stability; and the simple control algorithm. The biomechanics
context of this robot is discussed in more detail in [1], and
movies of the robot walking are available at Science On-
line and http://www.tam.cornell.edu/ ruina/powerwalk.html.
This robot adds evidence to the idea that passive-dynamic
approaches might help design walking robotsthat are simpler,
more ef cient and easier to control.
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|. INTRODUCTION

A robot can help test theories of locomotion in ways
that are impossible with human subjects; in a robot, one
explicitly knows the control strategies being employed
and can thus evaluate their qualities. On the other hand,
machines that are simple, ef cient and easy to control
are more likely to be practical as robots. Walking robots
based on the mainstream control paradigm of precise joint-
angle control seem decient for both purposes by their
large energy demands which are not human like and limit
autonomous operation times. In contrast, walking robots
based on passive-dynamic principles can have human-like
ef ciencies, and thus more practical energy use require-
ments [1]. We describe one such powered robot here.

Il. SIMULATION

The modeling and analysis of passive-dynamic devices
is dill essentialy in the manner of McGeer [2], and is
also well documented in [3] [6]. In brief, a physical model
is conceived, usualy as a set of rigid bodies and springs
connected by free-swinging joints. In numerical simulation,
a discrete nonlinear step-to-step function is generated from
the model, a root nding method employed to nd xed
points, and local stability evaluated. An approximately
locally optimal set of mass parameters is chosen based on
a combination of stability and convenience.
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However, direct full simulation was not used as atool in
the development of this robot. The mass distribution and
geometry (Fig. 1) are based on a previous fully passive
machine which walked down a shallow slope [5]. We
were con dent that with a passively capable foundation,
it would be fairly easy to add a small amount of power
without destroying the basic gait cycle. We were reticent
to model this design because of the ambiguities involved in
modeling its feet. In retrospect, not simulating the device
beforehand might have been a mistake; we could instead
have redesigned the feet to be of a style more easily
modeled, as discussed below.

I11. MECHANICAL DESIGN

The fully autonomous 12.7 kg robot walks at 0.44 m/s
and has two arms, two 0.81 m long legs, a small torso,
and wide, curved feet (Fig. 1). There are 5 internal degrees
of freedom: one free hip joint, two periodically locked
knees, and two controlled ankle joints. The torso is kept
upright with a leg-angle-bisecting mechanism. Each arm
carries a battery, and the right arm is rigidly attached to
the left leg and vice versa. The robot’'s mass distribution
and geometry are based on [5].

A. Hip and torso design

At the hip, asmall torso and both legs are joined together
by a passive 1 degree of freedom joint (Fig. 2). The torso’'s
center of mass is above this joint and an angle bisecting
mechanism constrains the torso angle to be the average
of the leg angles, described in detail in the caption of
gure 2. Such a mechanism has minimal effect on stability
[7]. Each leg has a rigid connection through the hip to
the contralateral arm. Control electronics are housed in the
torso, and the main drive motors are located on each hip,
connected to the feet by a cable that runs through the knee.

The torso was added using a hip angle bisecting mecha-
nism so as to maintain a small number of degrees of free-
dom. However, there is no equivalent mechanical constraint
in humans, and the bisecting mechanism results in larger
angular displacements of the torso than occur in human
gait, due to asymmetry in the swing and stance leg motions.



Fig. 1. Bipeda walking robot with ef cient and human-like ga it. Photo by William Seidel.



B. Arm and leg design © @)k
Each thigh is rigidly attached to the contralateral arm, ®2‘

creating one rigid body that acts as the upper leg. These @ .'“L.»
arms are important because they help reduce the tendency

of the machine to rotate in yaw (i.e. steer or rotate about @-\.\_' J®

a vertical axis). Basically, the arms allow balance of the

angular momentum of the system without body rotation @

[5], [8]. Like the machine in [5], this robot was originally

designed with arms that also moved inwards and outwards

as they SWIHg_. Howe\_/erf we found thf_it this robot _W_aSFig. 3. Photograph (left) and CAD rendering (right) of thevide's

most stable without this in-and-out motion. The vestigialknees. The photograph shows the right knee locked and lef km an

shoulder ab/adductors can be seen in gure 1. The thigtnlocked con guration. A latch arm (A) with roller (B) is atthed to the
. hank (C) via a hinge at (D). As the knee extends, rotatingitathe shaft

to Shan.k length f"md.mass ratios are 0.91 to 1 and 3.3 t_o ), the roller moves along the latch surface (F) which isdiigattached

respectively, which is important to the passive dynamicso the thigh (G). When the roller reaches the horizontal tofase of (F),

of the system. a spring clicks it into place which locks the knee from exingtil kicked
open by solenoid (H). An early version of the wire guide istyied.

C. Knee design
Walking, adding energy with a “push-off” impulse from the

stance leg just before heel strike is four times as effective
as restoring energy after the collision has occured [17], [1
Hecause it simultaneously restores energy and reduces the

The thigh and shank shank are joined via a knee join
with a hyperextension limit and locking mechanism, de-
scribed in detail in (Fig. 3). The knee joint rotates freely
when not locked. When the knee reaches full extensio

; ; “ . . ensuing collision.
midway through swing, so-called “knee-strike”, the loakin . . L
machanism engages, and the knee remains locked in ful Because of the potential energetic bene ts and similarity

extension throughout the remainder of swing and durin 0 human walking, power for level-ground ambulation was

stance. At the beginning of leg swing, a solenoid activate rovided by anklfa-extensmn PUSh'Oﬁ of the trailing fO.Ot'
to disengage the knee latch. Thus, the knee motion i order to obtain powerful impuises at push-off while

largely unactuated. Also at the knee joint is a wire guidemmwlIZIng motor power requirements, relatively small

that passes the main drive cable through the center of rotg-] ?tors jttore errf1errr?]y n ipr';g_f_hﬁug?g Ier?] smlngi, Vr:hlg? a;e
tion of the knee joint. This allows for power transmission eleased to perform push-off. This drive mechanism (Fig. 4)

to the ankle joint with minimal effect on knee motion. also ensures that a known amc_>unt of energy is adde_d to
the robot with each step, helping the small-perturbation

D. Ankle design (eigenvalue) stability.
Redirecting the center of mass velocity at the step-to- We found that preemptive push-off led to gait instability

step transition (heel strike) is the primary cause of energfd greater stresses in mechanical components. We spec-
loss, and thus energy use, in both passive-dynamics-bas@!f‘te that the gait instability was due to a high sensitivity

walking robots and human walking [9], [10]. In powered to the timing of push-off; pushing off a bit too late meant
losing four times the energy at heel strike as pushing off

right on time. We surrendered possible gains in energy
effectiveness in trade for more robust hardware and greater
@ @ simplicity of control by providing push-off at a force lower
than the weight of the device. This choice mechanically
@ @ constrained push-off to occur directly after heel strike,
L. solving timing issues.
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E. Foot design

Each leg has at its base a foot attached via the actuated
ankle joint (Fig. 5). Each foot consists of an inner and
@ @ @ @ outer rail of different curveature, such that the device
tends to rock side to side as it rolls forward. This allowed
Fig. 2. Photograph (left) and CAD rendering (right) of thediand torso.  the current robot and its predecessor [5] to move from

The main hip joint consists of three rigid bodies, (A) whichtamized, _ _ . . . .
(B) which is a re ection of (A) through a centered verticaligxand (C), a 2-D concept to 3-D reality with a minimum of design

the torso. (A) and (B) intersect at two hinge joints, (D),uléag in a 1 modi cations.
d.o.f. joint with axis (E). A four-bar linkage consisting (&), (B), and However, both machines are highly sensitive to the

two sets of (F) moves a slider (G) along a shaft rigidly conegédb the : :
torso. This mechanism maintains the absolute angle of the {oes the stifiness and geometry of the foot rails, and would Only

angle of (H)) at the average of the absolute angles of théwshi) and ~ Walk stably for a small range of foot shapes and stiffnesses.
(J). Arms attach at the left end of (A) and the right end of (B). This highlights perhaps the greatest shortcoming of this
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