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Symbols

Roman

AF TARITC

axial position of mass centre T, radius of gyration

angular momentum SR specific resistance, Eq. (13)
spring stiffness T torque

leg length V' linear velocity

mass W work

foot radius w  offset from link axis to mass centre

Greek

%o
B
Y
Vg
Af
0

C,T

leg angle at support transfer n  coefficient of restitution (Eq. (12))
torso mchp_anon . t  dimensionless time ¢./g/!

slope, positive downhill 1y step period

slope for gravity-powered walking 7, flight time

rotation from surface normal, positive 7, contact time

forward Q  angular speed
stance leg angle at take-off wp swing pendulum frequency

fc, peak stance leg angle
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Subscripts

— immediately before support transfer C  stance leg
+ immediately after support transfer F  swing leg
0  steady cycle conditions H at the hip

1 Why Legs?

In the early days of air travel, detractors used to argue that, if God had meant
us to fly, he would have given us wings. Had he meant us to roll, he might also
have given us wheels — but instead we, along with the great preponderance of land
animals great and small, have wound up travelling on legs. Given that situation,
it is of course interesting to ask how legs work, and that will be our main concern
in this chapter. But throughout we should also wonder, why legs at all? We will
make some preliminary observations now, and return to this later question after
some study of leg dynamics.

Whatever God’s intentions might have been, there is no contesting that the
wheel is perfect for travel on smooth terrain. Nature’s failure to use it might be
explained most easily by the biological impossibility of a continuously rotating
joint. But that explanation is not completely satisfactory. It seems that without
drastic redesign our bodies could be wheels, rolling about via a series of somersaults,
or perhaps rotating around our long axes as might a child playing on a hillside.
Alternatively, rather than either roll or walk, we could slither like a snake, an
approach which, while distasteful from the theological point of view, nevertheless
has a certain technical appeal. In particular, rolling and (to a lesser extent) slithering
are steady motions, like those of an aeroplane, a boat, a tank, and most other
man-made vehicles. To an engineer, steady motion is natural, and so legged
locomotion, with its elaborate pattern of eternal disequilibrium, by contrast seems
contrived and inelegant. In this light, the question “Why legs?” becomes compelling
indeed. '

Our first topic will suggest an answer. We will begin by demonstrating that
rolling and walking are actually more alike than one might at first think. The
demonstration will show that walking is not a contrived product of elaborate
motor control, but rather a natural motion which needs no forcing at all. This is
the essence of passive dynamic walking, which will be our theme through much
of the chapter. We will move from a simple “synthetic wheel” to models having
human-like form and gait. Each model will be capable of unforced locomotion,
but we will also discuss how the passive motion can be pumped and modulated

to produce dextrous behaviour. Later we will turn to running and to quadrupedal
locomotion.
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2 The Synthetic Wheel

Let us construct an elementary biped. The components are two spokes from a
wagon wheel, and their accompanying pieces of rim (Fig. 1). These will be hinged
at a hip joint, where we will also put a “payload” mass. The payload will be chosen
large enough to put the overall mass centre practically coincident with the hip,
just as in the original wagon wheel. Then if one leg is put on the ground and given
a push, it will roll forward at constant speed. Meanwhile an infinitesimal shortening
of the other leg will keep it clear of the ground, and so leave it dangling freely
from the hip.

Now follow this assembly through the motion shown in Fig. 1. The legs begin
at equal and opposite angles from the vertical, and with rotational speeds matched
(i.e. rotating as if they were fixed in a complete wheel). From that point the stance
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Fig. 1. Thesimplest of walking
models is the synthetic wheel, ‘
a biped with straight legs and % /3&?3
semicircular feet. The stance 0l
leg rolls forward steadily like
a spoke in a wheel, while the
free leg swings ahead like a
pendulum. Support is
transferred between legs when
their speeds and angles match. stance
The cycle is naturally stable 0. 25

and will repeat continuously, g
thus synthesising the motion of

an ordinary wheel. Here the

timescale is normalised by the BT - ; : I
swing pendulum frequency w, tine







