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Fig 19 Rate of energy con-
sumption versus speed for
human walking and running
on the level (0%), up hill
(+5% gradient), and down
Rill (— 5% gradient). (From
Muargaria 1938)
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9. Up and Down Hills: Efficiency of Positive
and Negative Work

Muscles are used to absorb mechanical energy as often
as to create it. Physiologists have defined negative
work as the work done by a muscle when it is develop-
ing an active force at the same time as it is being com-
pelled to lengthen by some outside agency. The work
done by the muscle under these circumstances is nega-
tive. When the muscle is allowed to shorten while
developing force, it does positive work.

Using the fact that about 5 kcal of free energy is
made available when 1 ml of axygen is used in the
aerobic combustion of food, a mechanical efficiency
may be calculated for walking and running:

mechanical work done
chemical energy consumed’

efficiency = (3)

In this definition, the mechanical work done by the
muscles in a step is estimated from the change in the
average potential engigy, given by the weight times
the net change in height of the center of mass per
step cycle. As a subject walks on level ground, the net
change in height of the center of mass per step cycle is

ze10, so the calculated efficiency is zero. For walking
on a gradient, however, there can be a nonzero effi-
ciency because the center of mass is either steadily
ascending or descending, leading to a steady rate of
working against (or with) gravity.

91 TiL1iNG TREADMILL

Figure 19 shows the rate of energy consumption for a
human subject walking on a tilting treadmill. Energy-
consumption rate increases as a curvilinear function
of speed for walking, but, as noted in Fig. 16, becomes
a straight-line function of speed for funning. At a
given speed, the rate of energy consumption is in-
creased as the treadmill belt is tipped up and decreased
as it is tipped down.

As shown in Fig. 20, when energy consumption
during walking is expressed per unit distance (obtained
by dividing the 1ate by the speed), a series of curves
emeiges, each with a different minimum. At steep
positive gradients, the optimal speed for minimizing
energy consumption is in the range below 2 km/hr. As
the gradient falls, the minimum broadens and shifts to
higher speeds

The lowering of energy cost as the treadmill belt is
tipped down does not continue indefinitely, howevet,
as is shown in Fig. 21 A minimum energy cost is
reached at a gradient of about — 10%. Negative gra-
dients steeper than — 10% are accompanied by in-
creased energy costs for walking, even when the com-
parison is always made (as in Fig. 21) at the speed that
minimizes the energy cost per unit distance

9 2. EFFICIENCY

This is where pdsitive and negative work come in. The
radial lines drawn through the zero point of Fig. 21
are lines of constant efficiency. Along any one of these
lines, the energy cost per distance traveled increases
directly with the weight-specific vertical work done per
distance traveled, which is just the percent of incline
of the ground. The lines corresponding to low cffi-
ciency lie above those corresponding to high efficiency,
because walking up a given incline a given distance
takes more energy at low efficiency. The points for
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Fig 20 Energy consumption  For the low and negative
per unit distance in walking.  gradients, the minimum is
For each gradient, a mini- very broad (From Margaria
mum occurs at @ given speed  1938)
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walking approach asymptotically the radial line repre-
senting 25% mechanical efficiency. At high positive
gradients, walking becomes like climbing a ladder, and
the muscles presumably are doing mostly positive
work, since they develop substantial force only while
shortening Following this line of reasoning, Margaria
(1976) has argued that the maximum efficiency with
which a muscle may transfer chemical energy from

the oxidation of food into mechanical work is about
25%. _

A similar conclusion is reached for the region of
high negative gradients, where the points for walking
fall on the — 1 20 efficiency line. Since the muscles of
the subject are being used primarily for negative work
in this region, Margaria concludes that the efficiency
of muscles doing negative work is —120% Note that a
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the minima of Fig. 20. The
radial lines from O show
constant efficiencies, under
the definition of (Eq. 3).
(From Margaria el al 1963)

Fig 21 Energy cost per unit
distance as a function of the
inclination of the treadmill
belt. For walking, the poinis
represent speeds af or near
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greater quantity of energy can be absorbed by a mus-
cle as it is being stretched than can be released during
shortening by the same muscle using the same number
of moles of adenosine triphosphate (ATP).

As one might expect, the points on Fig. 21 repre-
senting running are vaguely asymptotic to the same
lines as the points for walking The running points,
however, always lie above the walking points, because
walking saves energy by storing it against gravity, as
discussed earlier. The fact that the running points
approach the +25% and — 120% lines more slowly
than the walking points can be interpreted as meaning
that running up or down hill is still a mixture of posi-
tive and negative work, and remains so even at in-
clines that would have converted walking purely to one
form o1 the other.

A conclusion to be drawn from the paragiaphs
above is that while animals walking or running up o1
down a steep enough hill are doing exclusively positive
or negative work, the muscles of animals walking or
running on level ground are doing both positive and
negative woik in each step. Additionally, elastic stor-
age of energy in tendons, muscles, ligaments, and -
bones may be used, particularly during running, to
change the kinetic energy of the center of mass as the
animal rebounds from the ground The changes in
kinetic energy would have to be paid for by metabolic
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Fig. 22, Animals running
with weights on their backs weights. Each pattern shows
A. The time during which the average of 10 strides,
each foot was in comntact with  with bars to indicate the

the ground was the same in standard error (SE) of the

a given animal at a given mean. B. The rate of oxygen

speed with and without
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energy utilization if the elastic storage mechanisms
were not available. :

These considerations show that it is not realistic to
expect to measure the rate at which mechanical work is
done as the center of mass is lifted periodically during
running and relate that figure to metabolic power. _
Even when proper care is taken to measure separately
the positive and negative work done on the center of
mass, the impossibility of calculating the amount of
energy transiently stored in elastic forms makes the
determination of muscle efficiency for level walking
and running seem impractical

There is also a commonsense objection. It is well
known that isometric muscular activities require meta-
bolic energy, but their mechanical efficiency is al-
ways zero, by the definition of (Eq 3). A great deal of
empirical evidence exists showing that the energy con-
sumed as‘a muscle contracts under isometric con-
straints is proportional to the area under the curve of
muscle force versus time, the so-called tension-time
integral (Sandbert and Carlson 1966; Stainsby and
Fales 1973; Kushmerick and Paul 1976). Mathemati-
cal models of ATP utilization by crossbridge attach-
ment, force generation, and detachment would predict

just exactly this, because the 1ate of isometric ATP

splitiing depends on the developed tension in such
models (Huxley 1957; Eisenberg, Hill, and Chen 1980;
Wood 1981).

consumption increased by speed, including the data for
the same fuctor as the in- several animals The bars
crease in gross weight when show 2 SE L =[lefi, R=
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10. Running with Weights

it is possible to show that the 1ate of oxygen consump-
tion depends directly on muscle tension in running
animals, as well as in isometric studies of isolated

.muscles. This was done by measuring the oxygen con-

sumption of animals trained to tun with weights on
their backs.

Rats, dogs of various sizes, horses, and men were
trained to run on a treadmill carrying weights in spe-
cially made packs. It was found, after the training
period of one to three weeks, that the stride frequency
was the same in a given animal at a particular speed,
whether or not it was carrying weights on its back up
o nearly 30% of body weight. The same was true of
the time of contact of each foot (Fig. 22A) and the
average upward vertical acceleration during the time
the feet were on the ground, as measured by an accel-
erometer on the animal’s back. Since none of these
parameters changed whether the animal was loaded or
unloaded at a particular speed, the kinematics of the
center of mass were judged to be unaffected by load
carrying.

If the acceleration of the center of mass at an arbi-
trary instant of the stride cycle was unaffected by the
load, then, by Newton’s law, the force in every major
muscle involved in locomotion must have risen in
direct proportion to the change in gross weight when
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the load was added. A 10% increase in gross weight
would lead to a 10% increase in instantaneous muscle
force.

10.1 OxyGeEN CONSUMPIION AND LOAD

The loaded/unloaded ratio of rates of oxygen con-
sumption is shown in Fig. 22B This ratio is seen to be
directly related to the loaded/unloaded 1atio of gross
weights, so that a 10% increase in gross weight leads to
a 10% increase in 1ate of oxygen consumption. Each
point shows the mean of several animals running at a
single speed The speeds were such that the rats and
horses trotted, the humans ran, and the dogs either
trotted or galloped. Invariably, the loaded/unloaded
ratio of oxygen consumption rates did not depend on
the running speed, but only on the gross weight.

One of the conclusions is easy to draw. Since both
muscle force and rate of oxygen consumption were
increased by the same factor during load carrying, the
1ate of oxygen consumption must be proportional
to muscle tension, all other things being the same.
This is in agreement with the isometric studies on iso-
lated muscles, which found that oxygen utilization
depended on the tension-time integral.

Because of the way the load-carrying experiments
were done, however, it is not possible to claim that -
they prove the tension-time integral is the only deter-
minant of oxygen consumption. Since the vertical
excursions of the center of mass were unchanged by
load carrying, the rate of working against gravity in-
creased by the same factor as the gross weight increase
Therefore, an interpretation based on an unchanging
muscle efficiency and a weight-proportional increase in
stored elastic energy would also be admitted by the
results.

102 CARRYING A LoAD Is NoT EQUIVALENT 10
INCREASING SPEED

A more profitable way of looking at oxygen utilizationt
during running on a flat surface is to leave aside en-
tirely the concept of muscle efficiency. We must be
prepared to admit that as an animal runs faster, a
great number of complicated things change. Both the
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speed of shortening and the peak force experienced by
the muscles increase. Each one of these can be ex-
pected to increase ATP turnover rate, and hence oxy-
gen utilization. .

Furthermore, additional muscle fibers and even
whole muscles are recruited as they are needed at
higher speeds. For example, studies of the electrical
activity of muscles in dogs show that a major muscle
of the trunk, iliocostalis lumborum, is inactive in a
walk and a trot but becomes active in a gallop (Taylor
1978).

11. Enhanced Gravity: Running in Circles

An expetiment that has a great deal in common with
1oad carrying is the effective enhancement of gravity
obtained by tunning on a circular path. The centripetal
acceleration v?/R adds vectorially with the acceleration
due to gravity to produce higher foot forces, just as
increasing the body weight produces higher foot forces.

Figure 23 shows results of an experiment in which
subjects were instructed to run as fast as possible along
a circular path marked on a sod surface. All the sub-
jects wore spiked shoes. A high-speed motion picture
camera filmed the runs for later analysis. It was ob-
served that both the stride frequency and the step
length were virtually unaffected by the radius of the
turn, while the time the runner’s foot was in contact
with the ground was almost doubled at the smallest
radius (4 m) Since the step length (the distance the
body moves forward during a ground contact period)
was unaffected but contact time was increased, the
ronner’s speed was markedly reduced on the sharp
turns

A simple theory may be proposed for understanding
these experimental results. Suppose that a bipedal
runner moves in a series of aerial phases and contact
phases Duting the acrial phase, the runner travels a
distance £,v along a straight line over the ground, as
shown in Fig 23C. During the contact phase, we as-
sume that the vertical projection of the runner’s mo-
tion is a circular arc of radius R/, which begins tangent -
to the straight line describing the aerial phase. In one
half-stride, therefore, the direction of the runner’s
motion is changed through an angle A0,

If the direction of the runner’s motion changed at a
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Fig 23 Running on a circu-
lar track A subject ran at
top speed around concentric
circudar tracks ruled on turf.
A Speed drops off sharply
with decreasing radius. B
Stride time T is approxi-
mately constant. but ground-
contaet timet, increases and
aerial time t, decreases at
simadl radii C. Diagrams
used in explaining the
theory. Solid lines show
theoretical results Points

show mean and error bars
due to film reading for sev-
eral runs of a single subject
At the smaller radii, the
subject’s feet slipped some-
what, even though he was
wearing spiked shoes. This
effect is not taken into ac-
count in the theory, and may
be one source of the lack of
agreement between theory
and experiment at low turn
radii
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constant rate during the whole stride, that is, during
the aerial phase as well as the contact phase, the verti-
cal projection of the runner’s motion would be a cit-
cular path of radius R. The relationship between R’
and R is established by the fact that the angle Ad is the
same for both arcs. For small angles A0, the arc length
RA# is approximately given by

RAG=1p+ L, 4)
where 1, is the period of the airborne phase and L is
the step length (the distance the body moves forward
during one contact phase) We shall assume that the-
stride frequency and step length are independent of the
turn radius.

Since
A= L/R, (5)
R= (1 + I—”) R (6)
i .

The radius R’ may be found using the following
argument We begin by assuming (following the exper-
imental evidence) that

7 = constant

N
and

vt, = L = another constant, (8)
Here, 27 is the time for one complete stride, includ-
ing two contact phases and two aerial phases. We as-
sume that the foot force is a square wave of constant
amplitude F and variable duration ¢, Then,

i

F = (mass)*X (acceleration) )
and
A A A
2= 2t i T O
() (e 3] w

where u is the vertical velocity, which must be reversed
upon landing. From the dynamics of the airborne phase,
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u=g(I —t)=2g(I— LM (11

Substituting the above and rearranging,

I)2 2 Fz
( ) =— —[g+gI —LWILWF (12

R m?
and
p2\2  F? . p2 ..
(&) =me5T =
When R — @, 0= V., 80

F2 _ g2v%mxT2

me I (14)
Substituting (Eq 14) into (Eq. 13),
vl 2 2T2
(?) =& Vb= ) (15)
and, therefore,
v2
R'(p) = (16)

(T/LY 0y — 0"
Using the relation between R and R/ obtained in (Eq. 6},

v¥(1 + 10/L)
g(T/L)Y 0k — 01"

R(v) = (17
This is the relation we have been seeking between
the runner’s speed and the radius R of the curved
path the runner follows, on the average, between the
straight aerial segments and the curved ground-con-
tact scgments. Following a convention suggested by
Greene (1983), this relation may be given in a form in
which dimensionless variables appear:

Rg _  (0/vye)(1 +10/0)
V2 (Tan/ DN = 02/0700)"

(18)

The theoretical results (including Eq. 17) are shown
as solid lines in Fig. 23. As simple as this model is, it
makes a fairly satisfactory prediction for the way in
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_acceleration is sufficiently increased —as it would be,

which ground-contact time, aerial time, and running
speed change with turn radius. Note that the aerial
phase is predicted to disappear entirely when the turn
radius falls below about 1 m. This is not a practical
point to check with running experiments, because
under such circumstances the radius of the turn would
be almost the same size as the step length. The predic-
tion does serve to show, however, that running degen-
erates to walking (no aerial phase) when gravitational

for example, on the larger planets.

This result fits well with the eartier discussion of
walking under conditions of altered gravity. Following
those arguments, we see that, since walking speed
should increase under enhanced gravity and running
speed should decrease, there comes a point when
walking and running are the same thing. In this mode
of progression, peculiar to movement on planets with
high gravity, there is no aerial phase because the mus-
cles are not strong enough to produce one Neverthe-
less, a hypothetical human on a large planet will walk
at a quite high speed in order to take advantage of the
energy-exchange mechanisms of ballistic walking

12. Utilizing Flastic Rebound: The
Tuned Track '

Running on a soft surface is more comfortable than
running on a hard one. For training, runners prefer sod
to concrete. In competition, however, it has generally
been assumed by coaches and athletes that the hardest
surface is the fastest

In fact, this is not guite true. In what follows, it will
be shown that there exists a particular set of mechani-
cal properties for a running track that both lowers the
potential for injury and slightly enhances speed.

12.1. A MODPEL OF THE LEG

A conceptual model for the mechanical properties of
the leg important in running is shown in Fig. 24. This
model is based on both the intrinsic features of iso-
lated muscle and the global features of muscle con-
trolled by reflex netwotks and movement commands.
The parallel spring and dashpot in Fig 24 represent
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Fig 24 Conceptual model of  rack and pinion) are as-

the leg used to predict a sumed to be separate from
runner s performance on a the mechanical properties of
compliant track Descending  the muscles plus local re-
commands from the cortex, flexes (parallel spring and
brain stem, and spinal dashpor) (From McMahon
centers (acting to crank the and Greene 1979)

Handle

Raock and
pinion

the “damped spring” character of the antigravity mus-
cles of the leg working within the stretch-reflex loop

Reflexes, however, require some time to act. The
delay between a change in muscle load and the ac-
companying reflex change in electiomyographic activ-
ity is found to be in the range of 80 ms for elbow flex-
ion in humans (Crago, Houk, and Hasan 1976) and
near 25 ms for soleus muscles in decerebrate cats
(Nichols and Houk 1976). Melvill Jones and Watt
(1971) have shown that approximately 102 ms elapses
between otolith stimulation (by a sudden fall) and
activation of the antigiavity muscles in humans. In
1unning, the foot-contact period typically lasts 120 ms,
s0 neither the vestibular reflexes nor the stretch re-
flexes have time to act in the first quarter of the stance
phase. For this reason, the spring and dashpot of Fig.
24 represent the intrinsic mechanical properties of
skeletal muscle in the first quarter or so of the foot-
contact period; thereaftet they represent the controlled,
or reflex properties.

runners on both board and
foam-pillow tracks. Contact
time, 1., has been normal-
ized by the contact time on a
hard surface, t, The shaded
region shows the range of
b/(2m"k, %), chosen as 0.55  track stiffness where the
Foot-contact time was con- runner’s speed should be en-
puted for the model by calcu-  hanced most effectively
lating the half-period of Low values for t, mean high
oscillation of the runner s running speed because
mass, m, as the track stiff- speed = Ljt,, where L is the
ness, k,, changed Points step length. (From McMa-
show the results of many hon and Greene 1978)

Fig. 25 Foot-contact time
versus track stiffness. The
solid line was calculated
on the basis of the model
shown in the inset, with the
runner’s damping ratio,
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The leg of Fig. 24 would wotk in the following way
Movement commands from the pattern generator in
the spinal cord would crank the rack and pinion into
the proper position for landing Then the rack and
pinion would be locked, as far as vertical motions go,
and the runner’s rebound from the ground would be
determined by the resonant motion of the body mass
against the damped spring

12.2. Foo1-ConiAcT TIME

The assumption that the contact time of the foot is
equal to half the period of resonant vibration is, of
course, an approximation. In the inset of Fig, 25, the
springs have been shown attached Only that half-cycle
of the motion for positive downward displacements of
the runner (x,,) and the track (x,) has any correspon-
dence with 1eality. When x,,, is negative, the tunner’s
foot actually would be separated from the track sur-
face Although the permanent connection of the run-
ner to the track is fictitious, it makes the mathematics
convenient and corresponds approximately to the real
situation during the contact portion of the step cycle
The solution of the differential equation describ-
ing the motion of the runner’s'mass is shown as a
solid line in Fig. 25. The equation itself is derived by
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Fig 26 Running on an
experimental board track
Plywood boards are attached
to 2 X 4 in rails (under-
neath) to produce a very
compliant running surface
The rails may be moved
outward or inward fo vary

the compliance A force plate
under one of the panels of
the track (not shown) records
the vertical force Electronic
timing and high-speed mo-
tion picture filin were also
used (From McMuohon and
Greene 1978 )

McMahon and Greene (1979). Foot-contact time 7,
has been calculated from the half-petiod of ¢, the
damped resonant frequency, using 7, = 7/w, . The
damping ratio & = b/(2+mk,,) has been assumed to be
0 55, because this value gives the best agreement be-
tween the theory and the experimental points.

The experimental points were obtained from run-
ning trials on a specially made board track (Fig 26)
and a very compliant track made from large foam-
rubber pillows (Fig. 27). The stiffness of the board
track could be adjusted by moving a set of 2 X 4 in
supporting rails outward or inward, thus increasing
or decreasing the unsupported span of the plywood
panels making up the top surface. Runners were told

only to run as fast as possible alternately on one or the

other of the experimental tracks and on a concreie
surface. Their foot contact times were measured by

high-speed photography and a force plate under one of

the board-track panels.

As shown at the left of Fig. 25, foot-contact time is
very much increased on the softest surfaces. This is
really no surprise —anyone who has tiied to run on
a trampoline or a diving board knows that it takes
Tonger to rebound from a soft, springy surface than
from a hard one. The remarkable thing js that the
theory predicts that foot contact time falls below its
hard-suiface value in the intermediate range of track
stiffnesses, the shaded band at the center of the figure
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Eig 27 Multiple-exposure
photographs showing a sub-
ject vurning at top speed on
a hard surface (top) and on a
very compliant track made
of foam pillows (bottor)
(From McMahon and
Greene 1978)

This prediction is the key to the possibility of en-

hanced running speeds on tracks that are “tuned”

within the range of spring stiffnesses shown by the
shaded band, because running velocity is inversely
proportional to ground-contact time.

12.3 SiEp LENGIH

During the time the runner’s foot touches the track,
speed is determined by step length divided by contact
time. The influence of track stiffness on. step length is
thetefore an important matter and deserves further
consideration.
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Fig 28 Stick figures show-
ing a subject running on a
hard surface (top) and on
foam pillows (bottom). The
angles mark the runner’s
right hip, ear, shoulder,
elhow, wrist, and both krees,
arikles, and shoe tips. The
framing speed of the camera
was 59 frames/second in
each case Only those frames
where the foot touches the

ground are drawn. The
broken line (bottom) indi-
cates the mean deflection of
the pillows over a step cycle
Note that contact time is
increased on the soft surface
(there are more frames
drawn), but step length is
also increased (the hip moves
a greater distance forward
during foor contact) (From
McMahon and Greene 1979)

f——

In Figs. 27 and 28, a comparison is shown between
a running step on a hard surface and one on foam
pillows. In Fig. 28, stick figures are shown for only
those frames of the motion picture film when the foot
touched the track suiface. There are more stick figures
in the bottom picture than in the top because foot-
contact time was greater on the pillows than on the
hard surface. The hip moves a greater horizontal dis-
tance in the bottom picture because step length is
greater on the pillows than on the hard suiface.

The circle-Tunning experiments of Section 11 showed
that step length did not change appreciably as tzack
radius varied. In this section, we have seen that step
length is also about the same at a variety of running

Fig 29 Contact time t,
versus inverse running speed
1/v for one subject The
straight lines through the
origin demonsirate that an
individual’s step length is
constant, independent of run-

surface As shown in Fig. 27,
step length is greater on the
pillow track than on the hard
surface The ervor bars show
uncertainty due to film read-
ing (From McMahon and
Greene 1979)

ning speed, on a particular
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speeds on a given suiface, perhaps because of physio-
logical limitations on hip flexion and hip and ankle
extension. In Fig. 29, the ground-contact time #, is
plotted against the inverse of the running speed, 1/v,
for an individual subject running alternately on the
concrete surface and the pillow track . The straight
lines show ¢, = L/v, where the step length L is a con-
stant chosen to fit through the points. There is one
constant, L. = 1.55 m, which works well for the pillow-
track points, and another, L, = (.965 m, which fits
the hard-surface points. The observation that step
length is approximately independent of running speed
(on a hard surface) was also made by Cavagna, Thys,
and Zamboni (1976)

To see why step length should change with track
stiffness, look closely at the stick figures in Fig. 28. A
basic assumption in the argument to follow is that the
trajectory of the trunk, and therefore of the hip, moves
on a straight line parallel to the ground. In fact, this is
not quite true, but Figs 27 and 28 show that the verti-
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Fig 30 Schematic illustra-
tion showing why step length
is greater on a compliant
surface (B) than on a hard
one (A). On a soft track, the
stance foot descends an
average distance 8 below the

undeflected surface The
broken lines show the swing
leg moving forward, the solid
lines slow successive posi-
tions of the stance leg as it
moves back (From McMa-
hon and Greene 1979.)

Lo/2

cal motion of the hip is about the same on the hard
and soft surfaces, perhaps because the time the body is
off the ground is so small in each case that not much
vertical falling is possible.

When the runner moves over the pillows, as shown
at the bottom of Fig. 28, the stance foot sinks into the
foam rubber, but the swing foot always remains above
the undeflected pillow surface. The extended leg en-
counters the pillow surface in a position when hip
flexion is greater than is the case for running on a hard
surface. This makes step length on the pillow surface
relatively greater

It is this observation which underlies the geometric
model for calculating the dependence of step length on
track stiffness shown in (Fig. 30). The leg, length £, is
shown with the knee fully extended at the moment of
contact with each surface. .

At midstance, the hip-to-ground distance is only
¢ — &,, where the shortening Jg is assumed to be a
constant length, independent of running speed,
cranked in by the “rack-and-pinion” central nervous
system motor centers for the purpose of maintaining
the body on a level trajectory. This assumption effec-
tively ignores surface-dependent changes in the maxi-
mum compression of the damped spring, by com-
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parison with the large displacement produced by the
rack-and-pinion “postutal controllers.” Since &, =
9 6 cm for the subject used to construct Fig. 28, while
the maximum variation in compression of the damped
spring on the hard and soft surfaces would be
<0.56 cm (ie , <6% of dp), the assumption seerns
justified.

Applying the Pythagorean theorem 10 the triangle in
Fig. 30B,

=2V — (£ —06,— )% (19)

where § is the deflection of the pillow surface Inter-
preted strictly, 6 should refer to the peak deflection of
the track surface at midstep, but, as an approximation,
we let it be the mean deflection over the entire stride
cycle. If the subject were not running at all, but were
merely standing quietly on the pillows, he or she would
be standing in a well of depth é = mg/k,, where k,is
the spring constant for the pillows.

The constant &, may be wiitten in terms of the step
length on the hard suiface, Ly

o= £ —VOT—L3/4 (20)
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Fig 31 Step length versus
track stiffness The solid line
shows the theoretical predic-
fion of (Eg 21) The shaded
region {also shown in Fig

25) indicates the band of
track stiffness where speed
enthancement should be
greatest (From McMahon
and Greene 1979)

Fig 32 Tuned track at
Harvard University This is
a six-lane, 220-yd track with
banked turns. The top sur-
face is polyurethane and the
substructure, incorporating
controlled compliance, is
primarily wood Runners

schools have averaged be-
tween 2% and 3% better
times here, by comparison
with their times on conven-
tional tracks of identical
length and top surfuce.
(From McMahon and
Greene 1978)
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Substituting (Eq. 20) into (Eq 19) with d = mg/k,,
(21)

L=24¢2—[(¢2 — L2 /4" — mg/k)

This relation may be used to calculate L, given
only the leg length £, the hard-track step length L,
the subject’s mass #, and the track stiffness k,. The
solid line in Fig 31 shows this calculation, assuming
¢=109mand L, = 0.89 m for a 180-1b man, The
points represent several runners on ‘both the pillow
track and on two separate stiffness configurations of
the board track The experiments showed, in agree-
ment with the theory, that step length is increased as
track stiffness is decreased. The enhancement in step
length in the tuned range (shaded) is about 1.0%.

124, TuNeD-TRACK PROTOTYPES

The conclusions of the theory and experiments above
are that it should be possible to build a running track
within the range of spring stiffnesses shown by the
shaded bands in Figs. 25 and 31 that will (1) decrease
foot-contact time, (2) increase step length, and (3)
reduce running injuries. The evidence for the last ex-
pectation is that the force-plate records consistently
showed a large spike in foot force, often excéeding 5

- times body weight, as the runner’s foot struck the hard

surface This spike was either absent or very much

from both Harvard and other

attenuated when the same subject ran on tracks of high
compliance, including those in the tuned range.

In October 1977, a new:220-yd track built according
to the tuned principle was placed in service at the

- Indoor Track and Tennis Facility at Harvard Univer-

sity (Fig. 32). It features a substructure made of wood
and synthetic materials that achieves a neaily uniform
vertical compliance (i.e., without the hard and soft
spots that can be a feature of wood tracks unless care
is taken in the design). The top surface is a layer of
solid polyurethane, which is atiractive and easy to care
for but does not affect compliance significantly.

The first several years of service have shown that the
new track has been responsible for an abrupt reduc-
tion in the rate of running injuries —that rate is now
less than half what it was on the previous training
surface (cinders). Furthermore, Harvard runners and
1unners from other schools are able to better their
times by about 2%, or about 5 s in the mile, by com-
parison with their times on other tracks of the same
length and top surface (polyurethane)

In 1980, an I 1-lap/mile portable track utilizing the
same principle but including fiberglass panels in the
substructure was introduced at Madison Square Gaz-
den in New York. Since its inttoduction, this track has
acquired a reputation for being both comfortable to
run on and fast. At the Milrose Games, for example,
one of the most important indoor track meets in the
world, new records were set in the first year in all but
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one of the running events run on the new oval track,
and, in ‘many events, the first two, three, or four run-
ners over the finish line broke previous records. In the
first two seasons, seven new world records were set on
the track. .

No outdoor track of the optimum mechanical design
has been built as of the time of writing. If such a track
were to be built, the results of our research and experi-
ence:with the Harvard and Madison Square Garden
prototypes suggest that the world record for the mile
could’be bettered by 5-7 s by the best miler of that day.
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