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Abstract At running speeds less than about 13 krh hwalking, it has been shown that the average mechanical
the freely chosen step frequendy,{) is lower than the power, i.e. the positive work done at each step divided by
frequency at which the mechanical power is minimizdébe step period, is minimized at a step frequefgy,
(fmin)- This dissociation betwedp,, andf,;, was investi- close to the freely chosen step frequeficy,[5]. Corre-
gated by measuring mechanical power, metabolic enesgpgndingly, the oxygen consumption, which is related to
expenditure and apparent natural frequency of the bodyie average mechanical power, is also minimized near
bouncing systemfg,) during running at three giventhat frequency [11, 14, 18, 21]. In runnirig,, has been
speeds with different step frequencies. Thgrequires a found to coincide witH,,;, only at about 13 km+ [9].
mechanical power greater than thaf,gt mainly due to Correspondingly, a minimum of oxygen consumption
a larger vertical oscillation of the body at each step. Emder aerobic conditions was found ngag during run-
ergy expenditure is minimal and the mechanical efficiening at 9—16 km ## [10, 13, 15, 19].
cy is maximal aff;.. At a given speed, an increase in On the other hand, during high-speed running (above
step frequency abowvig,, results in an increase in energ@0 km hl) f. .. is greater thar,;, and coincides with a
expenditure despite a decrease in mechanical power.f@quency minimizing the push-average mechanical pow-
the other hand, a decrease in step frequency bilQw er, i.e. the work done at each step divided by the duration
results in a larger increase in energy expenditure asso€ipositive work production [9]. This is in agreement
ated with an increase in mechanical power. When tigh the observation that running speed is limited by the
step frequency is forced to values above or bdlpy maximal rate of muscular work production during a con-
fs IS forced to change similarly by adjusting the stiftraction [7]. Between 13 and 20 kmthf;. is therefore
ness of the bouncing system. However the best matchibtermediate betweer,,, (eventually limited by the
tweenf and step frequency takes place only in proximaaximum aerobic power), and the frequency minimizing
ity of fiee (2.6-2.8 Hz). It is concluded that during runthe push-average power (eventually limited by the maxi-
ning at speeds less than 13 kni bBnergy is saved by mum anaerobic power).
tuning step frequency tR, even if this requires a me- However, during low- to moderate-speed running
chanical power larger than necessary. (less than 13 km ), the mechanical power is mini-
mized at a step frequency higher ttign [9]. This indi-
Key words Step frequency - Running - Muscle elasticitycates that at these speeds some factor other than the min-
Efficiency imization of mechanical power determirfgs. Running
is commonly modelled as a spring-mass system oscillat-
ing at a natural frequency that is adjustable by muscle
Introduction stiffness. However, contrary to a passive spring-mass
system, muscles are required to put energy into the
It is assumed commonly that during locomotion gait paystem at each step to compensate for energy losses. It
rameters are adjusted for the minimization of forceguld be that at low- to moderate-running speeds the step
work, power and/or energy expenditure. For example,fiequency chosen is the frequency at which the muscular

; energy input into the bouncing system is minimal. To
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The results show that, in spite of a mechanical powedy was calculated for each subject, as described by Cavagna et

greater than necessary' the metabollc energy expendl Ir@], from an updated equation which now includes further data

is minimum aff,.., due to a maximum of mechanical ef" o™ Willems etal. [20:

ficiency. Furthermore, the difference betwekg, and W,/m=0.140 - 160200 . V2 . f ., )

step frequency is a_|50 minimum %g Therefore, by (r=0.75, n=220) whereW,/m is the mass-specificn(is the
analogy to mechanical forced oscillators, we conclutledy mass) average internal power (Watt per kilogramniy the
that at low-to-moderate running speeds, the body op&gp length (meter) is the velocity of running (meter per sec-

0 ond), and,,is the step frequency (Hertz).
ates at it's resonant frequency. The a\s/gFage total mechanical power, i.e. the positive work

done each step divided by the step perlg)( is the sum of the
W, and W,

Materials and methods

Subjects Fig. 1 Effect of a step frequency change on the different fractions
of the mechanical power necessary to maintain a given running
Experiments were performed on five male subjects. Three of thepeed. The experimental data show the positive work done per unit
were untrained subjects already studied previously (C.G., Ttime (mass-specific average power) to sustain the vertical dis-
W.P., see Table 1 in Cavagna et al. [9]), two were athletes of vplgcement of the centre of mass of the balym (upper panels
different build: a long-distance runner (B.L., 28 years, 58.9 kigs forward velocity change3(/m (middle panels) and its com-
1.80 m), characterized by a compliant bouncing system, andiaed motion in the sagittal plan&y,/m (lower panel}, as a
sprinter (G.L., 29 years, 66.8 kg, 1.68 m), characterized by a dfiffiction of the step frequency during level running at the three in-
bouncing system (see below). Informed consent of the subjedigated speeds. Data indicated by tieles are from [9] (Table
was obtained. Measurements were made during running at 5.3,18,0plus measurements made in the present study on a sprinter
and 11.1 km H at f,., and at step frequencies lower and highgsquare$ and on a long-distance runnérigngles. The continu-
thanf;.., as dictated by a metronome. ous linesrepresent the best fit of the experimental data using a
power function. Thelottedandinterruptedlines in thetop panels
are traced according to Eqgs. 6 and 10 respectively (see text). The
Mechanical power and stiffness measurements interruptedand thedottedlines in thelower panelsindicate, re-
spectively, the average power to accelerate the limbs relative to the
The average external mechanical power required to lift and re-eentre of mass\{,/m, calculated from Eq. 1 for all subjectsr-
celerate the centre of madAL() was calculated from the verticalcles squaresandtriangleg, and the total average powéNf/m=
and forward component of the ground reaction force as measumgy/m| + W, /m|. Thefilled arrowsindicate the freely chosen step
by a force platform [4]. The average internal mechanical power feequencyf;.., and theopen arrowsndicate the frequency,, for
quired to accelerate the limbs relative to the centre of mass of ahainimum ofW,,

Mechanical power (W kg!)

Step frequency (Hz)
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Assuming a damped harmonic motion, the frequency of the &8, was calculated for each run as the average of all 30-s readings
cillations of the body’s bouncing systefy, can be calculated after a plateau was reached; the average duration of the plateau
from the stiffness of the structures, on which the body maas 442 + 89 s (mean + SIb=101). The averag¥O, during a
bounce,k, as: f;,=(1/2 1) [(km)—-(b/2 m)2]¥2, whereb is the 512+ 93 s (mean * Sh=33) standing period was measured prior
damping coefficient anch the mass of the body. The mass-specite each set of runs and subtracted from the exercise value to obtain
ic vertical stiffnessk/m, was measured on the force platform. Thehe netVO2 Measurements were made at step frequencies equal
vertical acceleration of the centre of maag) was plotted as a to f;.., 1.1, and 0.9f;.. and at speeds of 5.3, 8.0 and 11.1 km
function of the vertical displacement of the centre of m&gs ( h (5.3 and 8.0 km 11 only on subject W.P.). Most of the mea-
The slope of the relationship betwegnandS§, was calculated by surements were organized in mirror pairs in order to avoid influ-
fitting a straight line through the points during the downward dence of test order ovO,. Experiments were made during a time
celeration and the upward acceleration using a least-squaresgin of 1 week to 22 months. Rate of W&, was converted to
method. This slope was considered to reprelkfem{8]. The aver- rate of energy expenditurk,, (Fig. 2), assuming 20.1 kJ per litre
agek was 21.8 £ 7.6 kN/m (mean * SID=167) in untrained sub- O.,.
jects, 20.4 £ 8.1 kN/mnrE22) in the long-distance runner and
32.2 £ 15.2 kN/m 1§=31) in the sprinter. A value fdg, was then
calculated using/m measured as described above and neglectiktgasurements df,
the term K/2 m)2 [8]. It must be pointed out that the vertical stiff-
ness, as measured, does not represent the stiffness of the leg Thélf;,.,was measured during the force plate experiments from the
but that of the ensemble of structures undergoing a deformatienord of one or more complete steps. In the treadmill experi-
during the impact of the body against the ground [8]. ments,fy,was determined by averaging several measurements of

In the present study, force platform experiments were done 00 step periods made with a stopwatch.
subjects B.L. and G.L. only; for the other subjects we used the da-
ta collected by Cavagna et al. [9].

Oxygen consumption measurements Fig. 2 Effect of a step frequency change at three given running
speeds on the metabolic energy expendiftyg (upper panels

Oxygen consumptiorMO,) was determined as the subjects ran ON,; (middle panels and the efficiency W,/E., lower panel.

a treadmill. A Beckman metabolic cart measureduftake from The pointsrepresent data obtained on all subjecigef) and on

the volume of expired air and the change ina@d CQ content, subject C.G. onlyfilled). Means values + SD when SD larger than

averaged over 30-s intervals, by polarographic (Beckman OM-Elmbol sizenis given by thenumbersear the symbols of thep-

and infrared (Beckman LB-2) sensors respectively. Steady stagée panel::
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Results At 5.3 and 8.0 km 1, a decrease df, below f;,
leads to an increase in both mechanical power and ener-
Effect of change if,,0n the mechanical power gy expenditure. Conversely, an increasgpabovef..

The average mechanical power required to lift the cen{tﬁads to a reduction in mechanical power, but in spite of

of mass against gravitWi(), to accelerate it forwards fs still leads to an increase in energy expenditure. As
9 9 W), expected, the increase in energy expenditure taking place

(W) and to sustain its combined motion in the sagit% en the frequency is reduced belfy, (and the me-
FA?‘I%‘é\éxeélgfiv‘gig :ﬁet?gngoe\’\g?rn:gqu'gegnéotﬁgigizlraéﬁanical power is increased) is greater than the increase
P in energy expenditure taking place when the frequency is

mechanical poweM{,,) are shown in Fig. 1 as a funCt'or}aised abovef,., (and the mechanical power is de-

Of fsiep for three running speeds. The filled arrow indis o se )~ 1n fact, since the efficiency is the same at
catesf;.., the open arrow indicates the step frequengy

. SRR 9 fiee @s at 1.1f; . (Fig. 2), the energy expenditure is
fmin &L WhichWe, is minimum. It can be seen that at S. ropgr%[ional to the mechanical power and, therefore, the
and 8.0 km ht W, is greater af; than atf,;,, mainly

due to a greater power spent against gravity during reater energy expenditure at &9, can reasonably be

vertical oscillation of the centre of masgj. The W, Ogr;but(teﬁar;toatt?e]f mechanical power being greater at
-~ 'free =freer

minimum occurs at a frequency which is quite indepen- The filled symbols at 5.3 km-hrefer to one subject

?oernéx(gmar})é CtgneCI?reri?]tz)altee fﬁ;oaﬁﬁgréﬁ%grgz?ﬁurergﬁgt running with a wider range of step frequencies: these da-
£ ats 3pkr’n hi & svstematic error resultin ‘?r%ge'ther ta show clearly the contrast between the monotonic trend
min . ; asy ! uiting In €l 8f the total mechanical power and that of the metabolic

3.5-fold increase iV, or a four-fold decrease M, energy expenditure which attains a sharp minimum dur-
would be necessary. ing running af, ..

Effect of a change ify,,0n the metabolic power _ _ _
Fig. 3 Comparison of the step frequency with the natural frequen-

Values OfEneb Wot’ and the efficiency of positive work¢ey of the body’s bouncing system. The apparent natural frequency

; ; ; ; f the bouncing systerfy, (upper panels calculated from the
production are shown in Fig. 2 as a function of norm@lhole-body vertical stifflr?tess, and the difference between mea-

izedfgepduring running at 5.3, 8.0 and 11.1 kmt.HThe  gyred step frequency armgl, (lower panel}, are plotted as a func-
open symbols refer to average data obtained on all st of the measured step frequency during running at the indicat-
jects during running at step frequencies equaf;tg ed speeds. Experiments are the same as in Higtetrupted lines

0.9f,ecand 1.1f... The energy expenditure is at a miniEfer to the sprinter (see texgontinuous lineso the other sub-
free dth free hanical effici is at . jects.Linesare fitted using a second-order polynomial regression.
mum and the mechanical eniciency IS at a maximumMallmpols as in Fig. 1. Theotted linesare the lines of identity, the

firee arrowsindicatef; o
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Frequency of the

elastic system, f

- fsist (HZ)
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Step frequency and apparent natural frequency energy expenditure rate during runnind;atis associat-
of the body’s bouncing system ed with aW,, larger than the minimum value (Fig. 2).
The physiological mechanisms leading to a minimum
The apparent natural frequency of the bouncing systeost during running at thig,, are unknown.
fst (calculated from the whole-body vertical stiffness, A “bouncing ball* model of running has been pro-
see Materials and methods) is shown in the upper pampased by Cavagna et al. [6] to explain, through an elastic
of Fig. 3 as a function df,, It appears that, in generalrecovery of energy, efficiency values about 2 times great-
T iS near the identity line (dotted line) indicating thadr than the maximum efficiency of muscular contraction.
whenfg,,is forced to values above and belby, (f;ee These values are similar to those measured in the present
indicated by the arrowj,;is forced to change similarly study (Fig. 2). It must be pointed out that the mechanical
by adjusting the whole-body vertical stiffness. A clos@ositive work, as measured, derives not only from the
inspection of the data, however, shows fijgtis nearest transformation of chemical energy, but also from the me-
to the fge, in the neighborhood of;.. This is better chanical energy stored during negative work within ten-
shown in the lower panels of Fig. 3: on average the dilens and sarcomeres. The efficiency of positive work
ference betweefy,,andf is minimal nearfq,, (solid production, as a consequence, does not refer to the effi-
line vs. dotted line). The means (xSD) ff,. are: ciency of the transformation of chemical energy into me-
2.55 + 0.22 (=28) at 5.3 km t, 2.67 + 0.18 11=24) at chanical work, but rather represents the end result of all
8.0km hl and 2.75 + 0.11nc27) at 11.1 km . possible losses (e.g. friction, isometric contractions) and
The squares and interrupted line in Fig. 3 refer to thaergy saving mechanisms mentioned above.
sprinter G.L.; his data were treated separately from thosd_anding on one leg with the calf muscles in sustained
of the other subjects because he was the only submritraction leads to damped oscillations of the body with
with a vertical stiffness 1.5-fold greater than that of tleefrequency (2.9 Hz) compatible with the valued;Qf
other subjects (see Materials and methods) Qis f;.e. found here [3]. Cavagna et al. [8] have found that
i.e. he had an asymmetric rebound [8], possibly leadiegualsfy up to about 11 km (i.e. in the speed range
to VO, during running at 8 and 11 kmtbeing lower at of the present study).
1.1f;c than atf;.. [19].

Does a spring-mass model agree with the present
Discussion experimental results?

The first section of the following gives the literaturés shown below, the relation between step frequency and
background indicating (1) a minimum in energy expendiork against gravity (Fig. 1) provides further evidence
ture neaff., but not the reasons for it, and (2) previou$at the vertical oscillation of the centre of mass during
experimental evidence suggesting the ‘elastic’ mect®@ch running step agrees substantially with a linear
nism of running. The second section shows that the redring-mass model. According to this model, an increase
tionship betweerfg,, and W, is predicted by the elasticin fsepat a given speed leads to a decrease in the external
model. In the third section, the changes in vertical stiffechanical power spent against gravity similar to that
ness of the bouncing system with frequency provideolserved experimentally.

possible explanation for the minimum energy expendi- Assuming that:

tre neafyee 1. the work done against gravity at each step equals the
release of elastic energy by a linear spring, i.e.
Relation to previous studies mg$=(k§,2) /2 (2

wherem is the mass of the bodyg, the acceleration of

As mentioned above, a minimui®, in the proximity of gravity, S, is the total vertical lift of the centre of mass at
f..o has been reported for running in aerobic conditioRgch stepk the vertical stiffness, an@, the vertical
at speeds of 9-16 kmH10, 13, 15, 19]. A minimum of component of the deformation of the spring from maxi-
metabolic energy expenditure may be due to a minimd@ym to zero vertical force;

of mechanical power and/or to a maximum of efficiency: S, takes place only during contact of the foot on the
To distinguish between these possibilities it is necessafpund, with no lift during the aerial phase, =S,

to measure both metabolic energy expenditure and réethat Eq. 2 can be rewritten as

chanical work in the same subject. Kaneko et al. haven=2g/S, 3

measured both thgO, and the total average mechanicaj Thef,., €qualsfy=(L/2 T (Km)2 (see Materials and

power W, during running at 9, 13 and 16 km!H15] methods) also when it is forced to be lower or higher
and report a minimum energy expenditure atfap of _thanf, . i.e.

2.9 Hz, a maximum efficiency at 2.8-3.0 Hz, and a mlrw A ef 2 4
mumW,, at 3.0 Hz; all very close . (2.8 Hz). Thisis <M= lstep- (4)
similar to the findings in the present study at 11.1 kkfom Egs. 3 and 4

h-1, but not at 8.0 and 5.3 knrth where the minimum §=(g/2 @) f ;2 (5)

step
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Multiplying both parts of Eq. 5 byngf, and rear- Why does the energy expenditure during running
ranging yields the mass specific average power agamisslow-to-moderate speeds reach a minimum fag&r
gravity as a function of the step frequency:

; _ Despite the close agreement between the experimental
m=(a2 2 1

Wim=(g _/2 n). fSte_P 6) results and the linear spring-mass model, running is not a

(dotted lines in Fig. 1 top). purely elastic phenomenon; energy must be added by the

Shoulds, > §,, as when a vertical lift occurs duringnuscles each stretch-shorten cycle to compensate for en-
the aerial phase of the step, assumption (2) is no longrjy losses due to damping. The resulting muscle work
valid. In this case&, ; can be calculated assuming that theop can simulate a stress-strain loop obtained during the
maximal vertical force exerted on the ground is propatretch and release of a passive spring. This does not
tional to the length change of the spring from maximumean that elasticity plays no role in the muscle work
compression to zero load, i.e. loop: the energy added will be less the greater the elastic
M(g + 8y ma)=KS,c (7) recovery. In a force-driven oscillator, the frequency re-

, _ _ _ quiring the minimum energy to maintain oscillation is
wherea, ., is the maximal vertical acceleration of thea|led the resonant frequency of the system. The present
centre of mass during the rebound. Substitutipgsylts suggest that, below 11 ki, Hio Is equal to the
S,~(MVK) (9 + &, may into Eq. 2 resonant frequency since the energy expenditure is mini-
S=(1/29) (M/K) (9 + 3, man? (8) mal and the muscular efficiency is maximal (Fig. 2). Fur-

’ thermore, the difference betweén, and f, is mini-
and, from Eq. 4, . P
mum neaffq. (Fig. 3).
S=((9 + ayman? ! (8aTP)) fsiep™ (9) It was hitherto believed that stiffness could be adjust-

Equation 9 reduces to Eq. 5 whay),,,=g. Multiply- ed to step and hopping frequency by controlling muscle

ing both sides of Eq. 9 bygf,,and rearranging activation [2, 12]. In this case it would not be appropriate
to defineoneresonant frequency. In fact, many resonant

W/M=((9 + 8y, man?/(8 T8))fstep '=A fotep™ (10)  frequencies would exist according to the degree of mus-
(interrupted lines Fig. 1 top). From thevalues obtained cle stiffening. However, contrary to this line of thought,
by fitting theW/m data to Eq. 10a, ., Can be calculat- this study shows that vertical stiffness is not adjusted to
ed to be 10.5, 11.8 and 13.5 M at 5.3, 8.0 and 11.1 kmall step frequencies by muscle control. As illustrated in
h-1, respectively A, compared with the means (x SD) Bfg. 3, a change in stiffness is often not sufficient to
10.5 £ 3.4 (=74), 11.7 £ 3.01{=71) and 14.9 £ 3.9 m matchfyg to fy,at step frequencies different frofp,..
s2 (n=74), measured directly from the individual accelWWhenf,is forced to increase abofig,, the stiffness of
eration records at the instant at which the vertical motitire system increases in an attempt to match the new fre-
of the centre of mass reverses from downwards to wprency, but the match is lost and energy expenditure in-
wards (see Fig. 1 in [8]). creases despite a reduction in mechanical work. When
At 5.3 km hl and at high frequencies at 8.0 anfl,,is forced to decrease beldyy,, the stiffness of the
11.1 km h1the close fit of th&\//m data to Eq. 6 (dotted system decreases, but again the match is lost; in this
line in Fig. 1 top) suggests that all three assumptions aase, however, the mechanical work increases with the
tenable. This is because the vertical displacement of domsequence that the increase in energy expenditure is
centre of mas§, may be compared to the total verticagreater. A close match between frequency of the system
displacementS,; during the oscillation of an elasticandfg,,seems to occur on the average only at one fre-
system only when the aerial phase is nil and the vertiqakency (2.6-2.8 Hz). In addition, the experiments show
acceleration approaches during the oscillation a matkat energy expendituré/Q,) is minimum just at this
mum of 1g and a minimum of —§ [8]. This condition is frequency which coincides with th&.. (arrows in
essentially met at 5.3 kmrhand at high frequencies atig. 3). These findings lead us to the conclusion that, of
8.0 and 11.1 km # when most of the lift takes placeall the possible frequencies obtained by adjusting the
during contact. stiffness of the bouncing system, only one, the resonant
The divergence of the dotted line from the low-frestep frequency, allows the best recovery of mechanical
guency data at 8.0 and 11.1 kni s due to an increaseenergy.
in the vertical push leading to a significant aerial phase,It has been suggested that energy expenditure during
so thatS, becomes greater thaf,.. Consequently, arunning is due to the cost of generating force, not due to
rough fit of the data is obtained fay,«in Eq. 10 great- the work done; if the foot-ground contact time is made
er than 1g (interrupted lines Fig. 1 top): the fit is best ishorter, faster fibres would be used leading to an higher
a range of frequencies nefgg, (filled arrow). Similarly, rate of energy consumption [1, 16]. The same argument
assumption (3)though not far from reality over thehas been used to explain the preferred hopping and run-
whole frequency range (Fig. 3 top), is best fulfilled onlying frequencies in humans [12]. The present experi-
nearf (Fig. 3 bottom). ments provide a test for this hypothesis. Frequencies
The reduction of5, with frequency during hopping inhigher tharf;. should involve a greater cost of generat-
place at maximum height has been predicted by Blickhag force due to the shorter time of contact, but require
[2] using the same spring-mass system. less mechanical work; and vice versa for frequencies
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lower thanf;.. The finding that during running at 5.3 8. Cavagna GA, Franzetti P, Heglund NC, Willems PA (1988)

and 8.0 km h the energy expenditure measured at The determinants of the step frequency in running, trotting and
0.9f,. is greater than the energy expenditure atfl,J1 ggg%ggg'zn man and other vertebrates. J Physiol (Lond)
shows that an increase in work leads to an increase in @1cavagna GA, Willems PA, Franzetti P, Detrembleur C (1991)

ergy expenditure despite a longer contact time. The two power limits conditioning step frequency in human

In conclusion, at running speeds up to about running. J Physiol (Lond) 437:95-108

1 ; ) 10. Cavanagh PR, Williams KR (1982) The effect of stride length
11 km h, Wher.e acSt? Sh.'ft from fy;, has a_small effect variation on oxygen uptake during distance running. Med Sci
on W, (dotted lines in Fig. 1 bottom), tunirfg,, to g Sports Exerc 14 (1):30-35

leads to a lower energy cost than forcipg to approach 11. Cotes JE, Meade F (1960) The energy expenditure and me-

foin- At higher speeds th&,.. becomes progressively chanical energy demand in walking. Ergonomics 2:97-119

) ; ; i 12. Farley CT, Blickhan R, Saito J, Taylor CR (1991) Hopping
lower thanf;,;to contain the increase W [8]. frequency in humans: a test of how springs set stride frequen-

. ¢y in bouncing gaits. J Appl Physiol 71 (6):2127-2132
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