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Abstract: In running, hopping and trotting gaits, tbenterof mass of te body oscillates

each step below and above an equilibrium position where the vertical force on the ground
equals body weight. In trotting and low speed human running, the average vertical
acceleration of theenterof mass during the lower part of the itlation equals that of the

upper part, the duration of the lower part equals that of the upper part and the step
frequency equals the resonant frequency of the bouncing system: we defaseottrisff-

ground symmetric rebound. In hopping and rsglkeechuman running, the average vertical
acceleration of theenterof mass during the lower part of the oscillation exceeds that of
the upper part, the duration of the upper part exceeds that of the lower part and the step
frequency is lower than the resonargduency of the bouncing system: we define this
onoff-ground asymmetric rebound. Here we examine the physical and physiological
constraints resulting in this easff-ground symmetry and asymmetry of the rebound.
Furthermore, the average force exertedirdy the brake when the body decelerates
downwards and forwards is greater than that exerted during the push when the body is
reaccelerated upwards and forwards. This lanthkgoff asymmetry, which would be nil

in the elastic rebound of the symmetric isgimass model for running and hopping,
suggests a less efficient elastic energy storage and recovery during the bouncing step.
During hopping, running and trotting the landitadkeoff asymmetry and the magsecific

vertical stiffness are smaller in larganimals than in the smaller animals suggesting a
more efficient rebound in larger animals.

Keywords: locomotion running hopping trotting, on-off-ground and landingakeoff
asymmetrymuscle forcevelocity relation stretchshorten cyclemuscletendonunits
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1. Introduction
1.1 TheMotor and theMachine

Locomotion results from the interaction of a motor, represented by the skeletal muscles, and a
machine, the limb lever systerkigurel). The muscles transform chemical engr o f G into e | a
heat and positive mechanical wor,", given by the product of muscular force and muscle
shortening. The primary muscle shortening, similar to the motion of the pistons in a car engine, is not
suitable to sustain locomotion directly. dtove muscular work must be done on a lever system, which
has the task to interact appropriately with the surrounding to promote locomotion. The minimum,
inevitable, work which has to be done to maintain the motion of any object in a surrounding, is given
by the product of the resistance offered by the surrounding, the external frictional drag, times the
distance covered during the motion. The overall efficiency of the locomotory apparatus may therefore
be expressed as the ratio between the minimum warissary to maintain motion and the chemical
energy transformed by the muscles,,

Overall efficiency=( Di st an&GeAdr ag) / & (1)
Equation 1 can be rewritten as:
aG/Distance = Drag/Overall efficiency

showing that the chemical energy expenditure perafrite distance covered during locomotion, the
so calledcost of transportis greater the greater the external drag and the smaller the overall
efficiency.

Figure 1. Active muscles use chemical energy during both shortening (positive work) and
stretching(negative work). Mechanical energy input in the active muscles during negative
work is used together with chemical energy to produce positive work during shortening.
Positive work is then used by the skeletal lever system (the machine) to produce movement
of the whole body during locomotion.

MOTOR + MACHINE = LOCOMOTION
MUSCLES LIMB LEVERS
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1.2 TheProblemof Terrestrial Loconotion

Figure2 shows that, for a given body weight on the abscissa, the weight specific cost of transport is
smaller in swimming of fishes, intermediate in flying birds anédats and maximum in walking and
running on earth [1]. This in spite of the fact that the frictional drag offered by the water in swimming
is much greater than that offered by the air in terrestrial locomotion, and that in flying the body must
be continuouy supported against gravity, whereas in terrestrial locomotion the body is supported by
the ground. These data show that, for some reason, the overall efficiency in terrestrial locomotion is
less than in swimming and flying\n exception to this generalle is represented by the similar cost
of transport found in some running, swimming and flying mammals (bats) [2].

Figure 2. For a given body weight, the cost of transport is greater in terrestrial locomotion
then in flying and swimming due to a lower oak efficiency. Modified from [1].

o
{

Energy expenditure

Weight x Distance covered

|

-
-
—
-

Weight (log N)

The overall efficiency (equation 1) can be written as
Overall efficiency= (W'/ B} (Distancedrag)Wn,") (2)

i.e, as the product of the efficiency of muscular contractidfy,’( B and the efficiency of the
machire (Distancedrag)W,"), which we may callpropulsive efficiencyThe muscular efficiency
indicates the ability of the motor to transform chemical energy into positive work by reducing to a
minimum the losses into heat. The propulsive efficiency, on ther dthnd, is an indication of the
ability of the machine to utilize in the best way the positive work supplied by the muscles to move the
body forwards against the resistance offered by the surrounding.

A difference in muscular efficiency can hardly expltie different cost of transport in swimming,
flying and terrestrial locomotion. The maximum muscular efficiency, in a complete cycle of
contraction and aerobic recovery, is about 0.25 both in human [3] and in the frog skeletal muscle [4].
In addition, hunans can reduce drastically the cost of transport by means of a bicycle indicating that
the limiting factor is the propulsive efficiency, not the efficiency of muscular contraction. In fact, by
using a bicyclei.e., a clever lever system applied to the, ldge overall efficiency attains 0.22, a value
approaching the maximum efficiency of muscular contraction [5]. According to equation (2) this
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indicates a value of propulsive efficiency approaching unity: (Distdreg)Mi,") = 0.22/0.25= 0.88.
It is therdore the propulsive efficiency, which is much smaller in walking and running than in flying
and swimming. Why?

1.3 Positive and Negative Muscular Work

During running on the level at a constant average speeg feel our muscles contracting actively

and air energy expenditure is evidently increased relative to the resting condition indicating that
muscular force performs positive work. What is used for the positive work done by the muscles? Air
resistance is negligible except at high running spg&ds and no work is done against the frictional
force on the ground if no skidding takes place. In fact work is force times displacement and if the foot
does not move relative to the ground the work done against the frictional force offered by the ground is
nil. It is not nil when we run on sand [8] and, in fact, we feel the difference. Therefore, a negligible
amount of the positive work done by the muscles is dissipated against external frictions.

Since gravitational potential energy and kinetic energy of tldy boe unchanged at the end of the
run on the level at a constant average speed, the positive work done by the muscles is found neither &
an average increase in gravitational potential energy, as when climbing a hill, nor as an average
increase in kinetienergy, as at the start of a race. Where does it go? The answer shows immediately
why the propulsive efficiency of terrestrial locomotion is so low. The positive work done by the
muscles is used to increase temporarily the kinetic and/or the gravitgbiotesitial energy of the
body, but subsequently these energies return into the muscles themselves when these decelerate and.
lower the body in another phase of the step. In other words, in terrestrial locomotion on the level at a
constant average spedtie muscles create mechanical energy to destroy it immediately after: this
makes walking and running so expensive.

This also shows an important link between mechanics of terrestrial locomotion and muscle
physiology: the musclem vivo are requested not gnto behave as a motor, transforming chemical
energy into positive mechanical work, but also as an active brake, absorbing kinetic and/or potential
energy of the body simultaneously with the chemical energy required to remain active. In this case the
musallar force performsiegative work, W, because the displacement of its point of application is
opposite to the direction of the force. This is quite a performance of muscle (we cannot reverse or even
stop the movement of the pistons in an activated agineror the rotor of an activated electrical motor
without excessive heating of).itin spite of the fact that the braking function of muscle has been
extensively studiecg.g, [9-13], it is lessunderstoodhan its motor function and yet it is as fregthgn
used in exercise.

In fact, we can classify all the muscular exercises on the basis of the ratio between negative and
positive work done by the muscular force as qualitatively shovAigre 3. It can be seen that only in
some exercises the muscularc® performs almost solely positive work, namely the ratio between
negative and positive work approaches zero. In these exercises the positive work done by the muscle
is dissipated by large external friction, as in pumping blood by the heart, or in sahef kwimming
or soaring. In other exercises, the muscles perform mainly positive work, but also negative work, for
example in walking uphill [14], at the start of a race [15], in quiet breathing [16] or in cyclatgygtt
pace [17]. As mentioned abgviea walking and running on the level at a constant average speed the
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muscles perform about the same amount of positive and negative work. Negative work becomes
obviously preponderant when the average mechanical energy of the body decreases, as in downhil
walking [14]and ski alpine [18].

Figure 3. Only in few exercises muscular force performs almost solely positive work
(motor function, left) or almost solely negative work (brake function, right). In most cases,
both positive and negative work are donmgicating that negative work is not only a
laboratory maneuver, but also a common physiological function of muscle, particularly
exploited in terrestrial locomotion.

ALL EXERCISES
-

W/W =0 1 >1

| 1
MOTOR FUNCTION ONLY MOTOR FUNCTION = BRAKE FUNCTION BRAKE FUNCTION >
MOTOR FUNCTION
Positive work done against external friction Work done against external friction = 0 Net decrease of
and/or net increase of mechanical energy Net increase of mechanical energy = 0 mechanical energy
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At this point we should ask again: why so much more of this uneconomical negativecaork i
terrestrial locomotion than in swimming and flying? The answer is simple. Contrary to swimming or
flying where the extremity of the fins or of the wings can slide relatively to the air or to the water, in
terrestrial locomotion the velocity of theot relative to the ground reduces to zero at each step. After
the thrust, a fish or a bird can moveaugh the water or the air perfectly still, whereas an inexorable
back and forth movement of the limbs is always present in terrestrial locombiiefixed point of
contact on the ground makes stricter than in swimming and flying the dependence of the velocity of
muscular contraction, and then of the force developed by the muscles, from the speed of locomotion,
V. In fact, since the velocity of the faaelative to the ground is nil during contact, the lower limb
must be moved backward relative to ttenterof mass of the body by muscular contraction with a
velocity that will depend on the speed of ttemterof mass relative to the grouricg., on the speed of
locomotion. This has been shown during sprint running where the power developed during the push
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changes with increasing running spg&8]. This is one of the factors setting a limit to the maximal
speed attained in running. In addition, ithe torigin of the negative work done by the muscles during
constant speed locomotion.

Figure4 shows that in the motion of a wheel, the forward velocity vector is at each instant
perpendicular to the link betweeamnterof gravity and point of contact ondhground, so that no
component of the velocity along the link exists and the velocity can be maintained constant during a
cycle. On the contrary, during locomotion, the movement is similar to that of a square wheel. At each
step thecenterof gravity is sacessively behind and in front of the point of contact. When it is behind
the point of contact, a forward deceleration of ¢ckaterof gravity of the body takes place due to the
projection of the velocity vector along the more or less rigid link conrgettiecenterof gravity with
the foot. Thecenterof gravity must then be reaccelerated forwards, when it is in front of the point of
contact, to maintain the average speed considrd. forward deceleration of theenterof gravity
during the braking phasof thestepis a problem; in fact it implies a loss of kinetic energy of the body
and subsequengénergy expenditure to restore the kinetic energy M8sere kinetic energy ends up
during the braking phase of the step?

Figure 4. Contrary to the motion o wheel, where the velocity of tleenterof mass can

be maintained constant during each cycle, the structure of the locomotory apparatus, as a
6square wheel 06, results in a fameobmadsatv el oci
each step

——

ST

AAVVRRTRRTETIRITNNNNANW

N NNAANNNNNINN

1.4. TwoPartial Solutions Pendular Exchanga Walking and StageRelease fE|1 Ga st i cid En €
Bouncing Gaits

The locomotory system tries its best to reduce the negative effect of this loss of energy by two
fundamental mechanisms: thendular mechanismf avalkingwhere, during its forward deceleration,
the centerof gravity is raised with the consequence that kinetic energy is transformed in part into
gravitational potential energy. This is an attempt of niechine the lever system, to increase the
propulsive efficiency by maintaining constant, as much as possible, the total mechanical energy of the
centerof mass of the body. However this mechanism works only over a limited range of speeds. The
other fundamental mechanism, more suitable at higher lacamon s peeldast i cd6 t mec
of running, hopping and trottingwhere, during the forward deceleration, ttenterof gravity is
lowered with the consequence that both kinetic and gravitational potential energygehtd®f mass
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decrease anuhcrease simultaneously resulting in large changes of the total mechanical energy of the
centerof mass. This is a complete defeat of the machine attempts to increase the propulsive efficiency,
but it gives the chance to store some of kinetic and granttpotential energy absorbed by muscle
tendon units during the brake and to restore part of it during the subsequent push.

1.5 TheStretchShorten Cyclef MuscleTendon Units

Evidence of an enhancement of positive work production induced by previeithistg of muscle
tendon units was found both on human running [19], on living animals during running, hopping and
trotting [202 2 ] and on manods forearm flexors and [
conditions [2327] (Figureb).

Figure 5. The dretchshorten cycle of musclendon unitsj.e., the succession of negative

and positive work, which naturally occurs during terrestrial locomotion, has been simulated
on isolated muscle under laboratory conditions. The oscilloscope records belownteprese
dynamic tensioflength diagrams obtained during stretching and shortening at a constant
speed, on a Levin and Wyman ergometer [28], of an electrically stimulated toad sartorius
muscle [23]. In the bottom photograph a line was drawn through the isofoetecvalues
developed before stretching and shortening to obtain the staticlémgi diagrami.e.,

the force developed isometrically at each length during tetanic electrical stimulation. In
each of the four average length tested, records were etitduring shortening from a state

of isometric contraction, without previous stretching (lower curve), and during forcible
stretching (upper curve) followed immediately by shortening (middle curve). The area
below the curve obtained during stretching représ the negative work done by the
muscular force, whereas the areas below the curves obtained during shortening represent
the positive work. It can be seen that the positive work done after stretching is greater than
the positive work done from a statéisometric contraction without previous stretching.
This shows the possibility of energy storage and recovery in a ssietectening cycle of
muscletendon units as it occurs in the bouncing step.

IN NATURE

Force (g)

a2 46
Length (mm)
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2. Experimental Section

What follows in this section veainitiated by two classic papers of Fenn [29,30]. The division of the
work done to sustain locomotion ingxternal and internd work derives from
stating thathe total kinetic energy of a system of particlegiv@n bythesumof (a)the kinetic energy
of apoint moving with the velocity ofhe centerof gravity and having the mass of the whole system,
and (b)the kinetic energywssociatedvith the velocity of the particles relative to thenterof mass.

The increment of théotal kinetic energy of the system in a given time equals the wiorkein that

time by all the forces acting on the system, external (to inctbaskinetic energy of theenterof
mass)andinternal(to increasehe kinetic energy of the particles calculatedrfrtheir velocity relative

to thecenterof mass). During locomotioexternalpositive work has to be done to increase kinetic and
gravitational potential energy of tleenterof mass of the body, whereas internal work has to be done
mainly to accelerate ¢hlimbs relative to theenterof mass (see below).

2.1 ExternalWork

At each step of walking and running, the change in kinetic energy of forward motion ceres
of mass of the bodyE = 0.5 Vi My, whereV; is the instantaneous forward velocifthe centerof
mass and\, is the body masss associated with a vertical displacement ofdéeterof mass and, as
a consequence, with a change in gravitational potential er&rgyMp g H, whereH is the height of
the centerof mass Contrary to wiing where the changes &f; andE, are in opposition of phase, in
human running Kigure6) as well as in running birds, trotting dogs, monkey and rams, hopping
kangaroos and springharféidure?) theEy andE, changes are almost simultaneously absolyetthe
muscles during the brake when muscular force performs external negativeWkrkand restored
during the push when muscular force performs external positive Wk ,i.e., the change in the total
mechanical energy of theentero f Mm&Es S IS @&

Wi
&Eocmd | B Ey| | @&  muscles
Wh,

Note that the vertical velocity of theenterof mass)\V,, and as a consequence the kinetic energy of
vertical motion,E,=0.5 V,? M, are nil at the bottom and the top the trajectory of theenterof
mass. It follows thaE, does not affect the increment in gravitational potential enemy, which
represents the positive work done against gravity, and the increment of the total mechanical energy of
the centerof massakq cm Which represents the positive external work dows;

Using the definition of work, the external waltkne at each instant is given by:

Wext= Fr DcmCOS¢ = fh dh + fv dv + f| d| é. Mb ah dh + (WE|ght+ Mb a\/) d\/ (3)

where F, is the resultanbf all external forces acting on the body,s the angle betweeR, and
displacement of theenterof mass,D.n andf, d and a are the projections oF;, D.m and the
acceleration of theenterof mass in forward, vertical and lateral directions. Theadtars inBold
indicate that thelisplacementn forward direction and théorce in vertical direction are responsible

for most of Wex:. In the lateral direction both displacement and force are small (about 1% of vertical
and forward work in walking [31]and are neglected in this study.
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Figure 6. Mechanical energy changes of tenterof mass of the body during a few steps
of running at 12 km fiin man (59 kg, 1.72 m, 24 years). As in a bouncing elastic system
[32], no appreciable transduction occursridg the step between the changes in
gravitational potential energly, (dotted line) and kinetic energy of forward motiBg,
whereas an appreciable transduction occurs betwgesnd kinetic energy of vertical
motion E,, (see section 2.2 belowBoth Ex and E;+Ex changes are absorbed by muscle
tendon units (decrement c¢c6) during the phas
value during the phase of positive work (increment c). Sinc&ghek,, curve and thés
curve are almost exactly in @be, the external woNRky: is about equal to the sum of the
absolute values of the work done against grawy, and of the work done to accelerate
the body forwards\W: . Modified from [33].

RUN-COMPLIANT

- ’ ”

////////////;//

50 c

muscles
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Figure 7. Mechanical energy changes of tbenterof massof the body during running
steps of man and birds: turkei€leagris gallopavp and rhea Rhea Americana(left
column of records); hopping steps of kangarddedaleia rufg and springhareRedetes
cafen (middle column of records); and trotting stepshainkey Macaca specioga dog
(Canis familiari9 and ram @©vis musimoh (right column of records). Note that
gravitational potential enerdy, and kinetic energy of forward motidf change in phase
in hopping and trotting as in running. Other indicasias inFigure6. From [22].
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As mentioned above),,, andW,," are calledexternalnegative and positive work because a force
external to the body system is necessary to change the mechanical energenfattd mass Eiot cm
Since air resistance iegligible at most locomotion speeds the external force resulting in a change of
Eiwtcm iS the ground reaction force. For this regsexternal work is measured using a feptatform
whose output signals are proportional to the force impressed by tlenfeeturing the runKigure8).
In the experiments presented in this papiee force platform used was sensitive to the forward and
vertical components of the force, neglecting the lateral component.

The procedure followed to determine the curves imuif€§ and 7, and the external wohas been
described in detail in several studies-[3]. In short: the horizontal force and the vertical force minus
the body weight were integrated electronically to determine the instantaneous velocity of the center of

SP. HARE 15.5 km/hr

MECHANICAL ENERGY CHANGES

TIME +——1sec——
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mass of the body to yield the instantaneous kinetic en&igy, Ex + Ex,. The change in potential
energy E, was calculated by integrating vertical velocity as a function of time to yield vertical
displacement, and multiplying this by body weight. Theltamechanical energy of tleenterof mass

as a function of timé&,.m was obtained by adding the instantaneous kinetic and potential energies.
The positive external mechanical work was obtained by adding the increments in total mechanical
energy over aintegral number of strides.

Figure 8. A kangaroo Klegaleia rufa hopping on a 4 m long, 0.5 m wide forgkatform
inserted with its surface at the level of the floor in a 50 m long corridor in the basement of
the Istituto di Fisiologia Umana, Universitiegli Studi di Milano. Experiments described

in [14]. Picture made by Norman Heglund.

2.2 Within-Step Analysisf thePotentialKinetic Energy Transduction

The transduction taking place within the st€p) between gravitational potential enerBy and
kinetic energy of theenterof massk, can be determined from the absolute value of the changes, both
positive and negative increments Bf Ex andE.n, in short time intervals within the step cycle [37]:

r) =17 Ben(t) | Ep(Ol+deBR(1)]) (4)
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TheE, - Ex transductionis completer((t) = 1) during the aerial phase (ballistic lift and fallhen no
external work isdoneby the muscular forcedowever the E, - Ex transduction also occurs during
contact, when the body is partially supported bg foot on the ground in the upper part of the
trajectory of thecenterof masq0 <r(t) < 1).

The E, - Ex transduction is nilr(t) = 0) in two phases of the bouncing stepand 3, whereEy
increases, respectively decreases, simultaneously with thitagomal potential energgg,. In fact, in
this case the suhBg(t)| + | B(t) | wo ul Hcm(th, qnddhe ratjoaa equation (4) would equal
unity resulting inr(t) = 0. Note that positive and negative external work is done both in the phases
andg of the stef(r(t) = 0) and in the phases of the step where a transduction occurs b&wasiE,
O<r(t) <1).

In the following textr(t) wascalculated from the absolute value of the time derivativi,oEx and
Ecm in the time interval comprised lveten twoE, valleys. Thecumulative value of energy recovery,
Rint(t), resulting fromthe instantaneous, - E, transduction, was measured from the area below(the
record divided by the step perid®@:(t) = (Jo'r(u)du)/z. At the end of the steRni(7) = Rint.

2.3 Internal Work

As W. O. Fenn noted in 1930 [29]: o61f the kin
the limb going backwards has very small kinetic energy although the actual effort on the part of the
runnerisasgreatinups hi ng it backwards as in pushing it

work must be measured as the kinetic energy changes of the limbs relativeeattdref mass of the
body and not relative to the ground. Calculation of internal work i® memplicated than for external
work; the records of the mechanical energy level of the individual body segments, obtained by
cinematography, are far more complex, difficult to interpret and inherently more noisy. Furthermore,
calculation of internal workequires assumptions about the physical properties of the body segments,
as well as regarding a possible transfer of energy to and from different body segments. In addition
internal work is done not only to accelerate the limbs, but also against graifityite limbs in equal
and opposite movements, which are not measured as external work with thpldtiaren method,
and may (or may not) be sustained by a pendular transfer of kinetic into gravitational potential energy
during the oscillation of tharhb. All these possibilities of error have been analyzed by [29], [38] and
[39] with the conclusion that the internal work is most accurately measured as the kinetic energy
changes of the limbs relative to tbenterof mass, including energy transfer oblgtween segments of
the same limbg.g.,from thigh to leg).

As shown in [40] and [41], the maspecific internal work done per unit distance to accelerate the
limbs relative to theenterof mass of the body\./MyL, can now be conveniently calculatedm the
experimental values of step lendth{m), average running spead (m s1), step frequenc§ (Hz) and

mass of the bodWl, (kg) according to the equation:
Win/MpL (Jkg'm™) = 0.140x 10%%%%x V, x f (5)
The massspecific positive work donper unit distance at different running speeds calculated from

equation5is in good agreement with experimental data measured assuming a transfer of energy
between the two segments of each limb in [29], [38] and [39].
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Equation 5 shows that the internalnkds greater when a given running spaédis sustained with

a greater step frequency and a shorter step length. This is particularly relevant when we will consider
how the symmetry of the rebound in bouncing gaits affects step frequency.

2.4. Total Work

This was measuredy Fenn [29,3]) andby Cavagnaand Kaneko[38] as the sum of the absolute
values of external and internal worleglectingenergy transfer betweethe kinetic energy of the
centerof massand that of the limbs. There has been uncertatatycerning a possible transfer
between the mechanical energy of demterof mass and that of the limbs [14,29,38,40442. This
externalinternal energyransfermay possibly occur when tleenterof mass of the body accelerates
or decelerates during @und contactFor example, if thecenterof mass decelerates forwards, the
limbs tend to maintain their forward velocity by inertia and, therefore, to accelerate forwards relative
to thecenterof mass. Consequently, in this case, the increase in kimetigy of the limbs relatively
to thecenterof mass is not due to positive work done by the muscles. This example shows that, while
the body is in contact with the ground, external forces may change the movement of the limbs relative
to thecenterof massand such movement, therefore, cannot be attributed solely to internal forces. This
effect was tested by comparing the internal work calculated taking into account the described effect of
inertia with the internal work calculated as the sum of the incrmerkinetic energy of the limbs
relative to thecenterof mass: the ratio between the two values was @03 (mean + S.DN = 106)
in walking and 1.0& 0.03 (mean £ S.DN =123) in running [39].

A maximum transfebetween the mechanical energytloé centerof mass and that of the limlis
obtained by summing at each instant the kinetic energemterof mass relative to the surrounding
with that of the limbs relative to theenterof mass. This procedure however is not correct because, for
a given change in velocity of theenterof mass relative to the surrounding, the corresponding change
in kinetic energy depends on the average speed of locomotion, pdrigecannot affect the transfer
between kinetic energy of theenterof mass relativea the surrounding and kinetic energy of the
limbs relative to theenterof mass.

On the other hand, as mentioned above, the internal work calculated solely from the velocity
changes of the limbs relative to thenterof gravity may be: i) increased byettwork done against
gravity in equal and opposite vertical movements of the limbs (which would not be measured as
external work), and ii) decreased by a pendular transfer between gravitational potential energy and
kinetic energy during the oscillation die limb. These possibilities were taken into account with the
conclusion that the estimate of the total work as the sum of the absolute valugg ahd\W\/y;,
measured from the kinetic energy changes of the limbs relative teetiterof mass, is substéially
correct [39].

3. The onOff-Ground Asymmetry
3.1 TheSpringMass Model

The mechanical energy changes of¢baterof mass during a step of running, hopping and trotting
(Figure6 and 7)suggest an elastic rebound of the body. This interpretataansubstantiated by the
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high efficiency of positive work production measured during running (~50%) indicating that about half
of positive work was delivered at very low cost as elastic recoil energy from the stretched contracted
muscletendon units [19].

A springmass model was proposed by Blickhan to simulate the bounce of the body [32]. This
model was largely used in the interpretation of experiments aimed to determine the changes in spring
stiffness and step frequency with speed [48], with groundsfigfreht compliance [4%1] and the
effect of spring stiffness on energy expenditure [51,52].

In the present study the rebound of the whole body is analyzed from the displacemeweotdhe
of mass of thewhole body. Individual limbs swing and contachgses are not considered in the
analysis because their actions sum up in the displacement of the wholeebtelpf mass.

The bouncing step is often divided into a contact time, during which the foot in running, or the feet
in hopping and trotting are dhe ground, and an aerial time, during which the body is airborne. This
division is inappropriate when analyzing the apparent elastic bounce of the body in physical terms. In
fact, an aerial time may not occur at all in the bouncing step: during trattishgn human running at
very low speeds the vertical oscillation of ttenterof mass of the body may take place entirely in
contact with the ground [53]. Even in the presence of an aerial phase, the vertical displacement of the
centerof mass of the bodlelow and above the instant the foot contacts and leaves the ground bears
no relation with the amplitude of the oscillatioim. the harmonic oscillator the amplitude of the
oscillation is the maximum deformation of the system from its resting equilipagition.Both in the
springmass model [32] as in the real bouncing step, the vertical oscillation takes place above and
below an equilibrium position where the vertical force equals body weight.

The apparent elastic bounce of the body therefore hasdreeed into two parts: a part taking
place when the vertical force exerted on the ground is greater than body weight (lower part of the
oscillation, called effectiveontacttime t.g) and a part taking place when this force is smaller than
body weight (pper part of the oscillation, called effective aerial titgg,[53]. Note that, according to
this division, the lower part of the oscillation takes place always in contact with the ground, whereas
the upper part of the oscillation includes a fractiothef contact time and may or may not include an
aerial time.

During running on the levethe vertical momentum lost and gained durigglower part of the
oscillation) must equal the vertical momentum lost and gained digsiagper part of the oscdtion),
ie,

av, celce= av, aelae (6)

where 5V,ce and 5V,ae are theaverage vertical accelerations of ttenterof mass during the effective

contact timet. and the effective aerial time,, respectively. Some relevant physiological
consequences predicted by Blickhandés model for

3.2 TheSymmetric Rebound

At low speeds of running and in trotting the duration of the lower part of the vertical tiscjlta,
is about equal to that of the upper pad,(Figure9 and 10). This was calledsgmmetric rebound
[ 53] . Using Bilmckhaasdsowdrtdson: AThe mass 0S¢
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determined by the spring stiffness and therehiweight. The contact time approaches the period of
the oscillatoro.

Figure 9. Human runningUpper panel The filled diamonds indicate the step peridj (
the open triangles indicate the duration of the effective aerial tiggeagd the open
squaresindicate the duration of the effective contact timg).( The continuous line
indicates the actual ground contact tinig¢ &nd the dotted line indicates the actual aerial
time (3). Lower panelThe filled diamonds indicate the step frequerfcy {/T), the open
diamonds indicate the resonant frequency of the bouncing syiste®/ (My)"%/(2") & 1/(2 tc)

and the continuous line indicates the frequefgycélculated assuming that the actual time
of contact corresponds to one Rp#riod of the osdiation of the elastic system. Note that
a division of the step based on the actual ground contact and aerial times (continuous and
dotted lines) shows the largest asymmetry just wheand t,. show that the rebound is
symmetric ands = f. Note also thaf. approache$ at high speeds just when the rebound
becomes asymmetric as shownty t.e andfs> f. The vertical bars indicate the standard
deviation of the mean of 193 runs by ten untrained male subjects (weight Z29 kg).
Modified from [53].
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According to equation 6, aymmetric reboundi.€., tce = tad implies the same average vertical
acceleration duringhe lower and the upper part of the verticacillation of thecenterof mass ite.,
ay,ce = av,ae). IN human running thisandition is met up to ~11 km™h ay ceand ay, ae increase
similarly with speed, but never exceed I54]. Most of the vertical oscillation of theenterof mass
takes place in contact with the ground dhe step frequency f equals the resorfaequency of the
bouncing systemfs (Figure9 and 10). Note that the resonant frequency of the bouncing system
calculated ads = 1/(2 t,o) coincides, as a first approximation, with the frequency calculated as
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fo= (KMp)*%(2"), whereMy is the body rass and/M, is the mass specific vertical stiffness,, the

slope of a linear fit between vertical acceleration ofddeterof gravity and vertical displacement of

the centerof gravity duringte [53]. This shows that the vertical displacement dyitiachanges with

time similarly to the half period of a sine function, as predicted by the model. The mass specific
vertical stiffnessk/M,, and as a consequence the resonant frequency of the bouncing dystem,
increase with the speed of locomotioralhthe animals tested in previous studies [53,55]. In huraans
remains about constant up to ~11 kihamd then increases with speed [53,54].

Figure 10. Data for trotting. Same indications as kiigure9. Note that the step is
symmetric over the wholgpeed range. Modified from [53].
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3.3 The onoff-groundAsymmetric Rebound

Figure 9 shows that in human running the effective contact tigedecreasesvith increasing
speed above approximately 11 kiwheread.. remains approximately constant. Tthecrease of.e
with running speed can be explained as follows. The fraction of the step lepgttgking place
during the lower part of the oscillationg., during tce, tends to a constant value [538]. This is
possibly due to anatomical and/or ftinoal factors limiting the angle swept by the body structures
connectingcenterof mass and point of contact on the ground dutgadt follows that with increasing
running speedy;, the half period of the oscillation, whichtis~ L./ V;, necessarilylecreases.

In order to maintain a symmetric rebourgd,should decrease with speed similarlytdo but this
would imply ay,ae = av,ce (equation 6). In young and adult humans, howe®gree increases with
running speed beyoncglwhereasév,ae cannot increase beyond {note thatév,ae would attain a
maximum value ofl g if t,e would equal the aerial time). As a consequence, a greater durattgn of
relative tot.e is necessary to compensate for the lower accelardtioingt, relative totg (equation
6). This translates into an asymmetric rebqured, t;e> tee and in astep frequencyf, = 1/(tce + tae)
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lower than the apparent resonant frequency of the bouncing sfsteif{2t.). The same is true for all
speels of hoppindFigurel11l).

Figure 11 Data for hopping. Same indications asHigure9. Note that the step is
asymmetric over the whole speed range. Modified from [53].
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This asymmetry of the rebouriderefore is an-off-groundasymmetry, expressiorf the amount
of force impressed to the body during the lower part of the oscillation dtérpositive and negative
works are doneUsi ng Bl i ckhandés words, in this condit
force approaches a sine halave whosea mp | i t ude greatly exceeds the
In conclusion: in thesymmetriccebound, at low running speeds and in trotting, the step frequency
equals the resonant frequency of the bouncing system, whereas am-tiiieground asymmetric
rebound, at highrunning speeds and in hopping, the step frequency is lower than the resonant
frequency of the bouncing system. The question arises: how the step frequency change induced by th
symmetry and then-off-ground asymmetry of the rebound affects the mechanieatk done to
sustain locomotion and the corresponding energy expenditure?

3.4. Effect of Step Frequency on Mechanical Power Output

Direct experience gives us a qualitative indication. We can walk or run at a given speed with our
natural, freely chosen stégequency and feel comfortable. Or we can force ourselves to walk and run
at the same speed with a longer step lengthwith a step frequency lower than the natural one, and
we clearly feel that the impact against the ground is annoyingly incréasede can force ourselves
to walk or run at the same speed with a shorter step largtlwith a step frequency higher than the
natural one: in this case we feel that the impact against the ground is decreased, but that we have t
make an effort to stién the lower limbs in order to accelerate them back and forth more frequently.
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The square wheel model, described abdvigure4), not only shows the origin of the external
work, but also shows its dependence on the step frequéngyré 12). In fact, tle horizontal
component of the braking force, directed backwards, will decrease by increasing the number of spokes
in a polygonal wheel, because at the moment of the impact of the spokes on the ground, the directior
of the link betweercenterof mass and rgund will approach the vertical. It follows that the braking
action of the ground, and therefore tdernal workwhich has to be done at each step to counteract
the braking action of the ground, will be smaller the greater the number of spekésour analogy,
the greater the step frequency and the smaller the step I&ngihe(Ll2, middle panel).

Figure 12. By increasing the number of spokes in a polygonal wheel external work per
step is decreased, but internal power is increased. Modified 56m
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In a wheel the spokes can rotate continuously aroundehterof mass with a constant velocity
without inverting their motion as indicated in the middle panelsgire12. Their kinetic energy, due
to their motion relative to theenterof mass,can therefore be maintained constant. In locomotion, on
the contrary, the lower limbs, corresponding to the spokes of the wheel, do not complete their rotation
around thecenterof mass. As indicated by the two arrows in the bottom pandigyafel2, the limbs
must invert their motion at each step relatively todémeterof massj.e., they must be "reset" at each
step. As described in section 2.1, this implies internal work to be done by the muscles to sustain the
kinetic energy changes of the limbsedio their velocity changes relative to ttenterof mass of the
body. The shorter the step lengtle,, the greater the step frequency at a given speed, the greater will
be the "internal power" because the limbs must be reset more times in a rRigute X2, bottom
panel).

In conclusion we see that a change of the step frequency at a given speed is expected to have &
opposite effect on the external work done at each step and on the internal power: at low step frequenc
we should have a high externabsk per step and low internal poweice versaat high frequencies.
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This poses the question of how the total mechanical power, external plus internal, may change with
step frequency.

3.5. Difference betweeirrequency Miaimizing Mechanical Power Outpuand Freely Chosen Step
Frequency

To answer the question posed in section Bigurel2), the total mechanical power output (see
section 2.4) was measured during human running at different speeds maintained each with different
step frequencies, dictated byretronome, lower and higher than the natural &ingu¢el3).

In the left graphs ofigurel3, the external and the internal power outputs were measured by
multiplying the positive work done at each step, both external and internal work, times the step
frequency §tepaverage powegr This power corresponds to the ratio between positive work done at
each step and duration of the entire step, which includes the duration of the positive work phase, plus
the negative work phase, plus the duration of the ganeade. A limit to the step average power, to
the maximum positive work done in one minute, is set by the necessity to absorb a corresponding
adequate volume of oxygen in one mindute,, by the "aerobic power" of the subject. In the right
graphs ofFigurel3, the external and the internal power outputs were measured by dividing the
positive work done at each step by the time during which positive work is posieaverage power)

This power is set free by the muscles immediately during contraatibnsdimited by the sealled
"anaerobic power", whose upper limit is much greater than that of the "aerobic power" [56]. It can be
seen that: i) a change of the step frequency at a given speed has opposite effects on the extern
mechanical power, whicldlecreases with increasing step frequency, and the internal mechanical
power, which increases with step frequency, and ii) a step frequency exists at which the total
mechanical power reaches a minimum (white arrows), and iii) the step frequency for a miofmu
mechanical power differs from the freely chosen step frequency (black arrows).

The two frequencies, minimizing the step average pofyag) and the push average powRfy(s)
are plotted as a function of running speedrigure14, together witlihe freely chosen step frequency
(Natural). The 0 o0 flejanddluh aresaboatphe Same gt uhe fowesstawnning
speeds, when the duration of the aerial phase is negligible, and become progressively more differen
with increasing sped. If the duration of the push were one half the duration of the step for both the
external and internal work, the values on the ordinate of the right pangéiguo&13 would be twice
the values on the left panels afagush would be equal td,siep However this is true only for the
internal push average power, but not for the external push average power, which increases more tha
twice, due to the relative increase of the duration of the aerial phase. In other words, as the running
speed increasethe external positive work to be done during the ground contact to accelerate and lift
the centerof mass of the body is concentrated in a progressively smaller fraction of the step period. It
follows that the total push average power reaches a minimanfrequency valud push greater than
the step average powéy siep

Figurel4 shows that the frequency minimizing the st@prage power equals the freely chosen
step frequency at about 13 knt:hit is higher at lower speeds and lower at higher dpe@he
frequency minimizing the pusiiverage power approaches the freely chosen step frequency at high
speeds (around 22 knit ffior the untrained subjects Bfgure13and 14).
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Figure 13 Weightspecific mechanical power output during human running at the
indicated speeds with the different step frequencies given on the abscissa (five untrained
male subjects, 37 yr, 75 kg). Each point refers to a run made by a subject. The filled
symbols and thex symbolsindicate the external power output to accelerat l#hthe
centerof gravity of the body. The open symbols and thgymbolsindicate the internal
power to accelerate the limbs relative to ¢ckeaterof gravity of the body. In the left panels,
power was calculated by dividing the positive work doneaahestep by the duration of the

step (stepaverage power). In the right panels, power was calculated by dividing the
positive work done at each step by the time during which positive work is done (push
average power). The upper curve indicates the totakpealculated as the sum of the
external and internal powers. It can be seen that the total power attains a minimum,
indicated on the abscissa by the open arrow, at a step frequency, which is higher for the
pushaverage power than for the staperage poer. The freely chosen step frequency is
indicated on the abscissa by the closed arrow. Modified from [40].
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Figure 14. The filled circles indicate the freely chosen step frequency during human
running (filled arrows inFigure13). Vertical bars indicatthe standard deviation of the

mean of 170 runs. The open squares and triangles indicate, respectively, the frequencies at
which the stefaverage powerf{sies Open arrows in the left panels Bigure13) and the
pushaverage powerfdyush open arrowsn the right panels oFigurel3) are minimal.
Modified from [40].
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3.6. TuningStep Frequencto theResonant Frequen®f theBouncing Systeiim Human Running

At running speeds lower than about 13 kify Hown to the very low speeds explored, the freel
chosen step frequency is lower than fileguencies minimizinghe step average and the push average
powers. This is due to the fact the external work done at each step is greater than the minimum
possible value required to sustain locomotion; in tuie th due to a greater external work done
against gravity during the vertical oscillation of tenterof gravity. At about 5 km hwe choose to
run with a vertical displacement of thenterof gravity of about 6 cm with a step frequency of 2.7 Hz
instead of using an apparently less expensive vertical displacement of about 3 cm at 4 Hz. When the
speed increases from 5 to 13 krhthe vertical displacement of tlhenterof mass increases whereas
the step frequency remains about constant [53]. The carstem frequency in this range of speeds
with the associated increase of the vertical oscillation ofctrderof gravity is suggestive of a
progressive increase of the deformation of a constant period system. In anspsmgystem, in fact,
the periodof the oscillation is independent of its amplitude. It is therefore possible that this constant
natural frequency is adopted because it coincides with the resonant frequency of the body bouncing
system. Tuning the step frequency to the resonant frequénicg bouncing system during running at
low speeds may result in a minimum of metabolic energy expenditure and in a maximum of the
efficiency of conversion of stored chemical energy into positive mechanical work.

This possibility was investigated by measgrthe metabolic energy expenditure, from the oxygen
consumption in unit time, the total mechanical power (section 2.4), and the mechanical efficiency
during running at three given speeds (5.3, 8.0 and 11.1 Rmwith different step frequencies [41].

The energy expenditure was found to be minimal and the mechanical efficiency maximal at the freely
chosen step frequenc¥igurel5). At a given speed, an increase in step frequency above the freely
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chosen step frequency results in an increase in energyndiipe despite a decrease in mechanical
power. On the other hand, a decrease in step frequency below the freely chosen step frequency resul
in a larger increase in energy expenditure associated with an increase in mechanicafigovesty).

When thestep frequencyf, is forced to values above or below the freely chosen step frequency, the
resonant frequency of the systefn= (KMp)*%(2"), is forced to change similarly by adjusting the
stiffness of the bouncing system. However the best match éetivand fs takes place only in
proximity of the freely chosen step frequency (2.8 Hz). It is concluded that during running at
speeds less than 13 krit Bnergy is saved by tuning step frequency to the resonant frequency of the
bouncing system, eventtiis requires a mechanical power larger than necessary [41].

Figure 15. Effect of a step frequency change at the three indicated running speeds on the
metabolic energy power expenditurgoper panels the total mechanical powegimiddle

panelg and the mehanical efficiencylpwer panely. The open circles and the continuous

line represent the average of data obtained on five subjects. The filled circles and the
dotted line at 5.3 kriv'* represent the average of data obtained on one subject only. Means
values + SD when SD larger than symbol sthe; number of items in the mesngiven by

the figuresear the symbols of the upper panels. From [41].
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3.7. TheTwo Power Limits Conditioning Step Frequematydigh Running Speeds

As described in section 3.H& effective contact timdg, decreases when the running speed is
increased above ~11 kni't{Figure9) [53]. In order to maintain the step frequenty, 1/(tce + tad,
tuned, as at low speeds, to the increasing resonant frequency of the bouncingfsysiéf®..), the
effective aerial time,e should decrease with speed similarlyt¢o Young and adult subjects however
do not adopt this choice in human runnitgis maintained about constant with the consequencé that
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becomes progressively lesisan fs [53,54,57]. In spite of this, the freely chosen step frequdncy
becomes greater than the frequency minimizing theatepage power. Indeed, at the highest speeds
attained (around 21 km™, it was simply impossible for the untrained subject§igurel4 to run

with the low step frequency and the large step length required to minimize the totaletage
mechanical powerThe limit is set by the maximum anaerobic pasferage power, which can be
developed by the r un nng éostractionBetween 43 andidd &rd'fttet e | y
freely chosen step frequency is intermediate between a frequency minimizing taeestagpe power,
eventually limited by the maximum oxygen intake (aerobic power), and a frequency minimizing the
push averagpower, set free by the muscles immediately during contraction (anaerobic power). The
first need prevails at the lower speed, corresponding to long distance running for these subjects, the
second need prevails at the higher speed.

Figure 16. The freely chosn step frequencyf,(continuous line) is greater in the old
subjects (74 yr) than in the young subjects (21 yr). In addition, over most of the running
speed range, the freely chosen step frequency is similar to the resonant frequency of the
system f;, interrupted line) in the old subjects (left panel), whereas it is less than the
frequency of the system in the young subjects (right panel, with old subjects lines
superposed in grey for comparison). Vertical bars indicate the standard deviation of the
mean.Modified from [57].

In conclusion: factors that determine the choice of the step frequency in human running are: i)
tuning the step frequenclyto the resonant frequency of the syst&m and ii) choosing a step
frequency that minimize the total (extal plus internal) aerobiémited stepaverage power, within
the limits set by the anaeroHimited pushaverage power. The first strategy, corresponding to a
symmetric rebound, is usually adopted at low running speeds and abandoned for the seeggd strat
corresponding to an asymmetric-ofi-ground rebound, at high running speeds. This is done by
increasing the average upward acceleration abayevith the consequence thatexceeds.. and the



