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Summary

During walking, the centre of mass of the body moves African women and European subjects during level
like that of a ‘square wheel’: with each step cycle, some of walking at 3.5-5.5kmr1, both unloaded and carrying
its kinetic energy, Ek, is converted into gravitational loads spanning 20—-30% of their body weight. A simulation
potential energy, Ep, and then back into kinetic energy. To  of the changes inEx and Ep during the step by sinusoidal
move the centre of mass, the locomotory muscles must curves was used for comparison. It was found that loading
supply only the power required to overcome the losses improves the transduction ofEp to Ex during the descent
occurring during this energy transduction. African women  of the centre of mass. The improvement is not significant
carry loads of up to 20% of their body weight on the head in European subjects, whereas it is highly significant in
without increasing their energy expenditure. This occurs African women.
as a result of an unexplained, more effective energy
transduction betweenEk and Ep than that of Europeans.

In this study we measured the value of theEx to Ep Key words: locomotion, walking, recovery, energy expenditure,
transduction at each instant in time during the step in  human.

Introduction

During each step of walking, the gravitational potentialinstantaneous forward velocity of the centre of mass), and
energyEp and the kinetic energlk of the centre of mass of Wtext is the positive external work calculated from the sum
the body oscillate between a maximum and a minimum valu@ver one step of the positive increments undergone by the total
A priori, active movements of an organism are assumed tmechanical energy of the centre of maBg=Ep+Exi+Exv
be powered by muscles: positive muscle work to increas@Cavagna et al., 1976). The kinetic energy of vertical motion,
potential energy and kinetic energy, and negative muscle wolkw=0.9MV,2 (whereVy is the instantaneous vertical velocity
to absorb potential energy and kinetic energy. Both positivef the centre of mass), has not been taken into account when
and negative muscular work require the expenditure obbtainingRstep from W*, and W¥;. Exv has no effect oWt
chemical energy. During walking, both the positive and thdecause the vertical velocity is zero at the top/bottom endpoints
negative work actually done by the muscles to sustain thef theEp curve. As will be shown below, usiMy*k, measured
mechanical energy changes of the centre of mass (positifi®m the total kinetic energy cune=Exy+Eks, instead o',
and negative external work) are reduced by the pendulaneasured from thExs curve, has a negligible effect Gatep
transduction of potential energy to kinetic energy aim®  (see Fig. 8).

versa(Cavagna et al., 1963). Rstep as defined in Equation 1, represents the fraction of the
The fraction of mechanical energy recovered due to thismaximum positive energy increments possibly undergone by
transductionRstep, has been defined as: the centre of mass (measured assuming no energy transduction)

Retep= (W + W — Wl (W + W) = trt1at is rTcpye(;ed by the_ pemiular mecha;)nism r?ve.r the whole
1 —Weed(Wy + W), (1) step cycle: it does not give information about the time course
of this transduction within the step. Factors that are expected
where Wty represents the positive work calculated from theto affectRstepare: (i) the relative amplitude of the potential and
sum, over one step, of the positive increments undergone tynetic energy curves, (ii) their shape and (iii) their relative
the gravitational potential energp,=Mgh (whereM is the  phase. In a frictionless pendulum, energy recoveryequals
mass of the body anld is the height of the centre of mass), unity because the changes in potential energy mirror the
Wt is the positive work calculated from the sum, over onehanges in kinetic energy. During walkinBstep attains a
step, of the positive increments undergone by the kinetimaximum at an intermediate speed when the difference in
energy of forward motiorEks. Exr=0.9MVi2 (where Vs is the  amplitude of the potential and kinetic energy curves
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approaches zero and the phase difference between the potentralking and for European subjects during both unloaded and
and kinetic energy curves approaches 180° (Cavagna et dbaded walking. The five European males walked both loaded
1976, 1983; Griffin and Kram, 2000). (18 steps analyzed) and unloaded (15 steps analyzed)
More information about the pendular mechanism of walkingvhereas, of the six European females, four walked loaded and
may be obtained by analyzing how the pendular transductiaimloaded, one walked unloaded only and one walked loaded
of the mechanical energy occurs during the step cycle. Thanly, giving a total of 14 loaded steps and 17 unloaded steps
factors affecting the pendular transduction of mechanicanalyzed.
energy within the step are not known. The aim of this study is The subjects walked across a force platform sensitive to the
to define these factors by following the transduction betweewertical and horizontal (fore—aft) components of the force
potential and kinetic energy at each instant of time during thexerted by the feet on the ground. The lateral component of the
step. force was neglected (Cavagna et al., 1963). The force platform
We applied this new approach to the great skill of Africarhad a natural frequency greater than 180 Hz in both directions
women carrying loads (Maloiy et al., 1986): African womenand was mounted at ground level in the middle of a walkway.
carry loads more economically than Europeans as a result ©he dimensions of the platform were 1.804 m in the case
their greaterRstep (Heglund et al., 1995); however, it is not of the African women and 6.0x0.4m in the case of the
known how this greateRstepis attained. The within-step Europeans. The mean walking speed was measured by means
analysis of the potential kinetic energy transductionof photocells placed 1.2 m apart (Africans) and 1.9-3.6 m apart
demonstrates the phases of the step in which the differen@@uropeans) alongside the platform.
between African women and European subjects is most The platform signals were collected by a microcomputer for
apparent. analysis using a sampling rate of 500Hz for the African
subjects and 100 Hz for the European subjects. The changes in
) Ex, Ep and Ex+Ep of the centre of mass of the body were
Materials and methods determined from the platform signals using the procedure
Subjects and experimental procedure described in detail by Cavagna (1975). In short, integration of
In this study, we analyzed the changeBinEp andEx+Ep  the horizontal force and of the vertical force minus the body
of the centre of mass of the body during one step of leveleight, both divided by the body mass, yielded the velocity
walking at a constant speed with and without a load beinghanges of the centre of mass. The instantaneous velocity in
carried by the subject (loaded and unloaded walking stepshe forward direction was obtained using the mean walking
Data were obtained for 11 Europeans (five male and sigpeed, measured from the photocell signal, to determine the
female, 65.6+7.1kg, mean p.) and four African women integration constant. A first integration was made in the
(three Luo and one Kikuyu, 73.9t14.4kg, means..)  vertical direction on the assumption that the initial and final
previously described by Heglund et al. (1995). The stepselocities of the step cycle were equal.
analyzed were recorded during walking at 3.5-5.5kInh  Contrary to our previous studies, in which the kinetic energy
both for unloaded subjects and for subjects carrying loadsf forward and vertical motion were calculated separately, the
spanning 20-30% of their body weight. The speed rangkinetic energy of both forward and vertical motid, was
corresponds to freely chosen walking speeds. The load rangalculated from the velocity of the centre of mass in the sagittal
was chosen because it results in the maximum differengadane.Wk is the work necessary to sustain the kinetic energy
betweenRstep measured in the European subjects Bedp  changes (positive wherkx increases, negative wheBk
measured in the African subjects (see fig. 2 in Heglund et aldecreases).
1995). Data collected within these speed and load rangesA second integration of the vertical velocity yields the
were averaged (see Table 1) neglecting any effect of theertical displacement of the centre of mass. This integration
speed and load change, because the scatter of the data \wasumes that the net vertical displacement over the whole step
too large to define a trend within such a narrow speed argycle was zero. The oscillations of the gravitational potential
load range. Loads were head-supported by the AfricaanergyEp were calculated from the vertical displacemanit.
women and shoulder-supported by the Europeans. The the work necessary to sustain the gravitational potential
Kikuyu woman carried the loads on her back supported solelgnergy changes (positive whé&p increases, negative when
by a strap over their head. Two of the Luo women carried thEp decreases). The total energy of the centre of niagsdue
loads on top of her head, and the other Luo woman carrigd its motion in the sagittal plane, is the algebraic sum at each
the loads both ways. A step was considered to be suitable fmstant of Ep and Ex. Wext is the sum of the changes Hzq
analysis when the sum of the incrementEpland Ex over  during one step (the sum of the positive increments
the step cycle did not differ by more than 10% from the suncorresponds to the external positive work done by the
of the decrements due to variability between successive stepaiscular force, the sum of the negative increments
of the subject. All the usable stegd=B2) of the African corresponds to the external negative work done by the
women during walking with loads were analyzed. An equamuscular force).
number of steps was randomly chosen for analysis from a During walking, the negative work done by external friction
larger pool of data for African women during unloadedis small and was neglected: a maximum error of 10% due to
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this assumption was measured in sprint running (Cavagna etThe total mechanical energy of the centre of niagsvas
al., 1971). During level walking at a constant speed, the nealculated as the algebraic sum of the curve&fand Ex:
changes in mechanical energy of the centre of mass of the body
are zero over the whole step cycle. It follows that the external
positive work done by the muscular force equals the externdlhe effect of a change in the phase shifis shown in
negative work (neglecting the negative work done by frictiorFig. 1. Eqg attains a maximum or a minimum when its
outside the muscles), i.e. during each step, the muscles aderivative is zero, i.ewhen cog=cosi-0). In contrast,
elastic structures deliver and absorb an equal amount obs<=cos(2ex)=cos(x), so the angle for a maximum Bég
mechanical energy and the net work (positive + negative) iwill be (T+a/2) and the angle for a minimum &tg will be
zero. As mentioned above, chemical energy is expended td2 (Fig. 1). Substituting these angles into Equation 3, one
perform positive work and also, to a lesser extent, to performbtains the maximum and minimum values of the total
negative work. To reduce energy expenditure, the mechanicalechanical energy in the simulation, Eegmax=2sin@/2) and
energy changes of the centre of mass (both positive ariEgmir=—2sin/2). The changes iRstepin the simulation with
negative) should be reduced to a minimum. the phase shiftt (Fig. 2, dotted line) can then be defined as:

Within-step analysis of the potential—kinetic energy Rstep= 1 ~Wex/(W'v * W) = ,
transduction 1-[2]12sin@/2)|/(2 + 2)] =1 —|sim(/2)]. (4)

The mechanisms resulting in the measured valuBsgh  The recovery of mechanical energy at each instant during one
(Equation 1) were analyzed in this study by measuring theycle, r(x), was calculated in the simulation according to
fraction of mechanical energy recovered due to thdquation 2 by substitutind\Ep(t)], AEK(t)] and AEcg(t)| with
transduction betweelB, andEx at each instant in time during the absolute value of the derivative of the functions: x-sin
the step. The step period, was divided into equal time sin(x—a) and —sin+sin(x—a), for x=0—360° in increments of 1°
intervals (2ms for the Africans and 10 ms for the EuropeansjFig. 1, upper panels, thick lines):
and the recovery(t), was calculated from the absolute value _
of the changes, both positive and negative increment, in r0) = 1 - [l-cos + cosk—a)[}/[l-cosq + |cosk )]} (5)
Ex andEcg during each time interval: The calculated value ofx) for sinusoidal curves was equal to

that measured on the same sinusoidal curves with the

(1) = 1 = EOIIAED] + REDI = procedure used to determin¢) on the experimental tracings.

1= WedOVIMA(OL + WO, (2) If the two sinusoidal curves, representiBg and Ex, are

wheret is time. The signal-to-noise ratiori(t) decreased when exactly out of phasenE0°) and have the same amplituéiey
the changes in energy during a particular time intervais constantW*ex{(x) is zero and(x)=1 over the whole cycle.

approached zero (see Fig. 7). If the two sinusoidal curves are exactly out of phase0f)
but have different amplitude&gg(x) oscillates in phase with
Simulation of the energy transduction within the step  the curve of larger amplitud&Vex(x)z0, andr(x) decreases

To examine the trend aft) within the step (Equation 2), below unity, maintaining a constant value over the cycle.
the changes ifEp and Ex taking place during a walking step For example, if the amplitude oEp is half that of E,
were simulated by two sinusoidal curves. This simulation i$(x)=1-(1/3)=0.66 (Equation 2).
not meant to represent a model of the complex walking If the two energy curves have the same amplitude, but are
mechanics but offers a useful background within which taot exactly out of phase#0°), r(x) changes as described in
interpret the experimental recordingrgf) and to distinguish Fig. 1 fora =10° and 20°. In each cycle, there are two periods
different phases within the step. In addition, it allows us tavhenr(x)=0: the changes in potential energy and in kinetic
define the relationship between the mean pendular energpergy have the same sign and, as a consequence,
transduction derived from the present analysis &es@p [AEco(X)|=IAER(X)|+]AEK(X)| (see Equation 2). During one of
previously used in the literature (see below). these periods, henceforth callggh, lasting from the minimum

Since, during walkingEp and Ex of the centre of mass of Ep to the maximum oEk, positive external work is done to
change roughly out of phase, we assumed in the simulation thatreaseEp and Ex simultaneously. During the othetpk-,
Ep=—simx and Ex=sin(x—a), where the phase shift=0° when lasting from the maximum oEp to the minimum ofEk,
theEp andEk curves are exactly 180° out of phase. In previousiegative external work is done to absoHp and Ex
studies (Cavagna et al., 1983; Griffin et al., 1999), this phasgmultaneously. The phase shift betweEp and Ex was
shift was defined ag=360%At/t, whereAt is the difference calculated both as=360%pk+/T and af3=360%k/1 (Table 1).
between the time at whidh is at a maximum and the time  The two periods when(x) is zero are separated by two time
at whichEp was at a minimum ardis the step period. At low intervals whenr(x) increases to unity and then decreases to
and intermediate walking speeds, such as those consideredziro following a bell-shaped curve: one period afierduring
the present studyg >0°; at high walking speeds (>6 kmi most of the lift phase (increment of tBgcurve in Fig. 1), the
0<0° (Cavagna et al., 1983). For most walking speedsther aftertpk— during most of the lowering phase (decrement
45°>0>-45°. of the Ep curve in Fig. 1). According to equation Zx)=1 is

Ecg= —si + sink—0). €))
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Fig. 1. Simulation of the transducti Retep=0.91 Retep=0.83
between kinetic and potential energy A Rin=0.81 B Rint=0.69
the centre of mass when the maxirn
in kinetic energy is set to lag behind
minimum in potential energy by a val
of a=10° (A) and a=20° (B), whicl
covers the range of mean experime
values measured in this study dui
walking (see values af in Table 1).a
is the phase shift between the maxin
of the kinetic energyEx and the
minimum of the potential energip.
Upper panels: the total energy of
centre of mass of the body¥dg, thin
continuous line) is simulated as

sum of two sine waves represent 1r 1-
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its potential energy Hp=—sirx; dottec < =
lines) and kinetic energyEf=sin(x—10°) E 08t ;ZE/ 0.8t
in A, and Ex=sin(x-20°) in B: broker & =
lines) during a step cycle, expresse i‘ 06k 2 o6l
degrees. The fraction of the mechan <} §
energy recovered at each instant § L = |
- s 0.4 Q 0.4
the pendular transduction within 1 2 =
cyc_le, r(x) (t_hick lines and right-har ‘—; 0.2+ E 0.2l
ordinates), is calculated according S 5
Equation 5 from the relative change: O o O ol

of

the Ex, Ep and Ecg curves.r(x) is zerc 0 ) 180 270 360 90 180 270 360
when the changes in thEx and Ep x (degrees) X (degrees)

curves have the same sign, and att

unity when theEcg curve is at a maximum or at a minimum. Lower panels: the area undefxtheurve divided by 360°, defined as
Rint(X)=[/or (u)du)/360°, attains the valu&ni(360°)=Rnt at the end of each cycle. Time-averaedis less tharRsiep calculated according to
Equation 1 from the total amplitude reached byEpeEk andEcg curves during the cycle. The relationship betwgnandRstepfor different
values ofa is shown in Fig. 2.

attained whem\Ecg(X) is zero (i.eEcg attains a maximum or a Rin=Rstep(Rstepis defined as in Equation 1). In the case of two
minimum andEp=Ex). sinusoidal curves of the same amplitude but with a phase shift
The mean value of over the whole step cycle was a between the time at whidf is at a maximum and the time

calculated, both for the simulatiom(x), and for the atwhichEpis at a minimum, the relationship betwdgr and

experimentalZtracings(t), as the time integral divided by the a (Fig. 2, continuous line) is given by:

period: Rint=[Jor (u)du]/z wherez=360° for the simulation and o .

z=1 for the experimental tracings. In the case of two sinusoidal Rint=1 - (Li9{|al - 2g(al/2)logdsin(ali2)l},  (6)

curves of different amplitude and exactly out of phas#{), @ where a is expressed in rad. Equation 6 is obtained by
integratingr(x), as defined in Equation 5, and dividing the
result by 2t In the simulationRint is not equal td=stepexcept

1- when the curves are exactly out of phase0() or exactly in
phase ¢=180°), or whern=+96.3° (Fig. 2). When the phase
0.8}
- Fig. 2. Simulation: effect of the phase shift The fraction of the
§ 0.6¢ mechanical energy recovered through the pendular transduction in
8 the simulation, calculated &step(dotted line, Equation 4) or &nt
g 04l (solid line, Equation 6) is plotted as a function of the phase shift
between the curveBp=—sirnx and Ex=sin(x—a) illustrated in Fig. 1.
The two vertical continuous lines encompass the valuasatiiined
0.2} Rt during all speeds of walkings decreases from approximately 45° at
‘ the lowest speeds to approximately —45° at highest speeds (Cavagna
R et al., 1983). The two vertical broken lines encompass the values of

ol .
-180 -90 0 90 180 a (10°-20°) observed in this study (Table 1). Note th&tepRint
o (degrees) over the entire range of measured during walking.
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Table 1.Experimental values of the parameters of the walking step

tok+ (MS)  ter,up(MS) tok- (MS)  tir,down(MS) T (ms) o (degrees) [ (degrees) Rstep Rint
European
Unloaded 18.1+14 265+23.6  18.8+20.4 255+20.9 557+46.3 11.5+8.8 11.9+12.1 0.67+0.04  0.61+0.04
Loaded 15.6+13.2 259+20.6  10.9+10.3 258+17.4 544+29 10.3+8.4 7.246.7 0.65+0.04  0.61+0.04
P 0.465 0.313 0.058 0.439 0.212 0.584 0.057 0.058 0.731
African
Unloaded 32.3+15.6 246126 21.9425.7 240+32.1 540+52.9 21.549.3 14.4+15.2 0.66+0.06  0.62+0.06
Loaded 21.4+10.6 246119 7.948.6 248+23.5 524+33.4 14.7+7.2 5.5+5.8 0.71+0.05 0.67+0.05
P 0.002 0.913 0.005 0.252 0.148 0.002 0.003 0 0

tpk+ period wherEx andEy increase simultaneouslig;up, period ofEx-Ep transduction during the lift of the centre of mags,; period when
Ex andEp decrease simultaneoushy;down period ofEx—Ep transduction during the descent of the centre of ntassep periodp, phase shif
between the maximum @&k and the minimum oEp; (3, phase shift between the minimumExand the maximum oEp; Rstep recovery ®
mechanical energy calculated from the sum of the positive increments over the whole BteRpand Ecg; Rint, recovery of mechanical
energy calculated from the increments of kinetic enéxgygravitational potential enerdsp and total mechanical energy at the centre of mass
Ecg, at each instant during the step.

Values are meanssn. (N=32).

Comparisons between groups were made using a single-factor analysis of variance (ANOVA) (Excel v8.0).

shift varies in the simulation as in human walkingjust after the maximum d&p, when bothE, and Ex decrease

(45°>0>-45°), Rni<Rstepand both decrease with|| simultaneously as a result of negative work done by the
. muscular force. The succession of events, both in the
Average recordings simulation and during the walking step, is thereforetyki) to

To compare the energy transduction within the step imegin the upward displacement and complete the acceleration
different subjects, the step cycle was divided into four periodgorwards; (ii) some transduction froBk to Ep taking place up
the two periods withr(t)=0 (tpk+ and tpk-) and the two with  to the end of the lift of the centre of mass, during a period
r(t)z0 (Fig. 1). The mean values for the four periods are givehenceforth referred to agup; (iii) tpk-to begin the downward
in Table 1 for each experimental condition. The abscissa afisplacement of the centre of mass and complete the
each of the two phases wit(t)z0 was normalized from zero deceleration forwards; (iv) some transduction frepto Ex
to one, and an average oft) was calculated at discrete taking place up to the end of the descent, during a period
intervals along the normalized abscissa (0.01). The mean sthpnceforth referred to dgdown Bothtpk+ andtpk- Start at the
cycle was then reconstructed using on the abscissa, the meatremes of the vertical oscillation of the centre of mass of the
values of the four time intervals (Table 1, Figs 4, 6). body.

In some recordingstpk+ and/or tpk— were zero, and the A comparison of Figs 1 and 3 shows that, in contrast to the
separation between the two periods w(thz0 was made using simulation, the changes it) during t,up andti,down are not
the minimum ofr(t) or, when oscillations where present (seesymmetrical. Durindir,up, when the body rides upwards on the
Fig. 7), the maximum and/or the minimumEfandEk. Often  front leg and the point of application of force moves forward
r(t) failed to attain unity in spite of the fact tHady attained a  from heel towards the toe of the supporting foot (Elftman,
maximum or a minimum (i.e AEc(t)|=0) because of the 1939),(t) increases steeply to a plateau and then falls abruptly
discrete time periods used to calculad&c|(t)| and/or the to zero. Three peaks are usually observed on the plateau
averaging of the curves (see Figs 3-7). corresponding to a more or less pronounced oscillati&gf

During tir,down, When the body ‘falls forwardsi(t) changes in
a manner more similar to the simulation, reaching a single peak

. Results N and forming a bell-shaped curve.
Time course of energy recovery within the step of unloaded |n the simulationEcg attains one maximum (during the lift)
subjects and one minimum (during the fall). During the walking step,

Typical recordings showing(t) during an unloaded step in contrast,Ecg usually attains two peaks: the first at the
together with the simultaneous change&jinEx andEcgare  beginning of the lift, the second at the end of the lift. The first
given in Fig. 3A for a European subject and in Fig. 3B for arpeak ofEcq occurs near the maximum Bk, which coincides
African subject. Similar to the trend shown by the simulatiorwith the end oftpk+; the second peak dicg occurs near the
(Fig. 1),r(t)=0 during two periods. The first peridgk+ occurs ~ maximum ofEp, which coincides with the beginning k-
at the beginning of the lift of the centre of mass, when Bgth The positive increment ifcg to the first peak (incremeraj
and Ex increase simultaneously as a result of positive worlcorresponds to external positive work done by the muscular
done by the muscular force. The second petiigd, occurs  force mainly to increase the kinetic energy of the centre of
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Retep=0.68 1
1r 0.8+
0.8} 0.6
0.6 b= 0.4+
= 04} 0.2
0.2F ok
J
of i - Bp 0.6
t t ~tok= t
Ipl<+ . tr,up | Lpk: . Itr,down . | 0.8
0 0.2 0.4 0.6
Retep=0.63 08
, B Rint=0.59 € o4l
1
0.8+ 0.2L
0.6
~—~ O_
£ 04+ I I I |
= 50 0 02 0.4 0.6
0.2+ Time (s)
ok _ Fig. 4. Unloaded walking. (A) Average curves of the instantaneous
ttr,up = Tpk= ttr,dowm o+ recovery of mechanical energyt) for the African women (thick
(') : 0'2 : 0'4 : OI6 continuous line, mean of 32 steps by four subjects), the European

women (thin continuous line, mean of 17 steps by five subjects) and
all European subjects (males and females, broken line, average of 32
Fig. 3. Typical experimental recordings of unloaded walking. Thesteps on ten subjects). The time-average of the standard deviation of
fraction of the mechanical energy recovered during unloaded walkirthe mean was less than 25%r¢) during the lift of the centre of

at each instant of the step cycté)] thick lines] is superimposed on mass {rup in Fig. 3) and less than 35% during its descéndion.

the mechanical energy changes of the centre of mass ( (B) The area under the averagd curve divided by the step period
gravitational potential energyEx, kinetic energy; andcg=Ep+Ex, {Rint(t)=[for(u)du]/} attains a value oRini(T)=Rint at the end of the
whereEcg is the total mechanical energy of the centre of mass, thistep which is equal for all groups of subjects. The corresponding
lines). Typical record obtained from (A) a European subject (malemean values of the parameters for all European subjects and for the
66.2kg, 4.86kmth and (B) an African woman (Kikuyu, 83.3kg, African women are given in Table 1 (unloaded).

4.85kmiY. The vertical broken lines on th& and Ep curves

delimit the periods when the instantaneous recovery of mechanic

energyr(t) is zero, indicated on the figure & when Ep and Ex Average r(t) recordings, constructed as described in
increase simultaneously, and &g when Ep and Bk decrease \iatarigls and methods, are given in Fig. 4A for unloaded

simultaneously. The periods during which energy transductiorllEuropean subjects (broken line), for unloaded European

betweenE, and Ex occurs are indicated agup during the lift of the thi i i d f loaded Afri
centre of mass artd downduring the descent of the centre of mass. asvomen ( '_n Co_n inuous line) and for unloade rican
in the simulation,Rstep is greater tharRint but, in contrast to the WOMeN (thick line). The area below the average)

simulation, ther(t) curves recorded during the rise and fall of thefecordings, divided by the mean step period, is given by the

centre of mass during walking are not symmetrical see (Fig. 1). curves in Fig. 4B (to be compared with the bottom graphs of
Fig. 1). These curves show that: (i) the relative amount of

energy recovered during,up is on average larger than that
mass beyond the level attained as a result of the decrementr@covered duringtir,down in both European and African
potential energy. The end of incremamiccurs during the time  subjects; (ii) this asymmetry is smaller in African women than
of double contactfqc. The positive increment icg to the  in the European subjects as a result of less complete pendular
second peak (incremeh} corresponds to positive work done transduction duringtr,up and more complete transduction
to complete the lift of the centre of mass to a level greater thaturing trdown, Which is a consequence of the more
that attained as a result of the decrement in kinetic energgronounced ‘shoulder’ on tht) recording at the beginning
Incrementb occurs during the time of single contagt, The  of the descent of the centre of mass; (iii) the recovery at the
sum of these two positive incrementskefy (a+b) represents end of the step perio®int, is equal in African women and in
the positive external work done at each step to translate tli®iropean subjects; and (iv) no appreciable difference was
centre of mass of the body in the sagittal plane (Cavagna et dbund between all European subjects (male and female) and
1963; Cavagna and Margaria, 1966). the European women.

Time ()
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The mean values &int and Rstep (Equation 1) are given in tends to increase the transduction between potential and kinetic
Table 1. It can be seen thBn<Rstep as predicted by the energy by making the two curves more exactly out of phase,
simulation, both in the Europeans and in the African womerparticularly during the swing phase (single-contact phase) of
However, bottRint andRstepmeasured during the walking step the step. As mentioned above, the effect is significant in
are smaller than those predicted by the simulation (Fig. 2). African women and not in European subjects.

Another effect of loading results from a change in the shape
Effect of loading of the potential and kinetic energy curves. This is shown by a

Typical recordings showing(t) within a step of walking more pronounced ‘shoulder’ of thé) record during the first
with a load, together with the simultaneous changds,ilex ~ part of the descent of the centre of mass. This effect is also
and Ecg, are given in Fig. 5A for a European subject and irmore pronounced in the African women than in the European
Fig. 5B for an African subject. The averad® recordings in  subjects (Fig. 6).

Fig. 6 compare the load-carrying skills of African women and Both these effects of loading tend to increase the fraction
European subjects. of the total mechanical energy changes of the centre of mass

In all subjects, loading tends to decrease the duratigr-of that is recovered by the pendular mechanism in the African
and, to a lesser extent, the duratioripef: the reductions are, women. This results in an increaseRat by the end of the
however, not significant in Europeans subjects whereas theyep cycle compared with the European subjects (Fig. 6). The
are significant in African women, for whotpk- decreases by increase irRint in the African women during load-carrying is
approximately two-thirds (Table 1). Since the step petiggl  approximately equal to the increase Raep (Table 1). It
not significantly decreased by loading (by only 2-3%, seshould be stressed that the effect of load-carrying occurs
Table 1), the phase shifta=360%k+/T and B=360%pk/T mainly during the swing phase of the step, when (more
change in a manner similar tigx+ andtpk—. Loading therefore

1~
. A Rin=0.5 0.8
YA o Ecg 0.6-
0.8- e
- _E 041
06 X
S 0.2+
04 50J o-
0-2- 0 02 0.4 0.6
o B
I'[pk+ ttr,upI Ipk— Ittr,down ’ | 08- B
0 0.2 0.4 0.6
0.6
Retep=0.72 8‘5 0.4+
B Rint=0.68 14
1— _—~ ECg
” 0.2t
0.8- '
ok
— 0.61- 1 1 1 1
= 04 0 0.2 04 0.6
’ 50J Time (s)
0'2_ . . .
Fig. 6. Loaded walking. (A) Average curves of the instantaneous
Or ; recovery of mechanical energyt) for the African women (thick
trup™ —lok= frdown lpke continuous line, mean of 32 steps by four subjects), the European
0 0.2 0.4 0.6 women (thin continuous line, mean of 14 steps by five subjects) and
Time (s) all European subjects (males and females, dotted line, mean of 32

steps by ten subjects). A comparison with Fig. 4 shows that, in all
Fig. 5. Typical experimental recordings of loaded walking for (A) asubjects, loading decreadgs and increaseqt) at the beginning of
European subject (male, 65.6kg, 3.71 ki Hoaded with 19.3kg) the descent of the centre of massigwr), but that this results in a
and (B) an African woman (Luo, 83.5kg, 3.95kmhoaded with  net increase ifRint in the African women only (final value attained
19.5kg). For further details, see legend to Fig. 3. Note that in thby the thick line at the end of the step in B). The corresponding mean
African subject, loading results in a reductiontpr- and in an  values of the parameters for all European subjects and the African
increase irr(t) at the beginning of the descent of the centre of maswomen are given in Table 1 (loaded). For further details, see legend
(ttr,down)- to Fig. 4.
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Fig. 7. Recordings such as those depicted in Fig. 5, showing & 0.2
extreme case in which loading resultdgir- being reduced to zero
and in an increase in the instantaneous recovery of mechanic
energyr(t) during the descent of the centre of mass to a level equi 0 ) ) ) ) |
to that attained during the lift. This leads to very high values o 0 2 4 6 8 10

pendular recovery during the step (African woman, Luo, 88.9 kg
4.5kmitl, loaded with 19.1kg). For further details, see legend tc
Fig. 5.

Mean forward speed (knThH

Fig. 8. The pendular recovery of mechanical energy, defined by
equation 1 Rstep Open circles) and by equation ®&in{, open
squares), and the external work done per unit distantegq( filled
frequently in African women) loading sometimes results in circles) plotted as a function of speed during unloaded walking for
tpk-value of zero with a continuous high levels of transductiorthe 11 European subjects of this study. Values are means @ is

between potential and kinetic energy of the centre of masgiven by the numbers near the filled circles) for data grouped into the
(Fig. 7). following intervals along the abscissa: <2, 2 to <2.5,...., 8.5 to <9,
>9kmhl Lines are fitted using a third-order polynomial fit
(r2=0.98, KaleidaGraph 3.5). The crosses and the dotted line show
Discussion how Rstepchanges when the kinetic energy of vertical motion of the
Normal walking centre of massky, is taken into account in the calculation\Wfy
] ) ) and Wi (see text). Note thaiVex: attains a minimum at a speed
The present study provides (i) a new param&gg, Which  |ower than the speed at which the pendular recovery attains a
summarizes the transduction betwé&gmandEk over the whole  maximum.

step cycle and (ii) the possibility of a continuous analysis o
such transduction during a walking step.
The time-averageRin: is related but not equal tBstep collected (Willems et al., 1995). The speed difference between
previously determined from the total change€inExs and  the minimum ofWtex and the maximum dRstepis due to the
Ecg (see equation 1 in Cavagna et al., 1976). As shown by tHact that, when the speed increases above 4ktte increase
simulation,Rint and Rstepare affected in different ways by a in Wtex from its minimum is smaller than the continuous
phase shift between sinusoidal curves represerijngnd  increase inW*+Wts; as a consequence, the ralldexd/
Ex (Fig. 2). By contrast, the experiments analyzed in thW*,+W¥f) decreases anBstep increases (Equation 1). The
present study suggest thah: and Rsiep change in a similar same argument is probably valid Rk which, however, does
manner when a load is applied to the trunk during walkingnot have a simple relationship witRsep not only for the
(Table 1). reasons explained by the simulation (Fig. 2), but also because
Rint, Rstep and Wext were calculated for the 11 European of the changes in amplitude and shape oBhandEx curves
subjects of the present study during unloaded walking atith speed. In general, bofepand Rint represent an index
different speeds (Fig. 8). On averaggy is less tharRsiepup  of the ability of the pendular mechanism to minimize the
to approximately 7 kmHi, after which the trend is reversed, impact of W*,+W*t on W*ex. The result is that the minimum
probably as a result of a relative change in the amplitude araf W*ex is attained at a lower speed, when and because
shape of th&p andEk curves with the speed of walking. Both W*+W*s is smaller, in spite of the fact that the pendular
Rint and Rstep attain a maximum at intermediate speedsimechanism works better at a higher speed, Whibpr\W* is
approximately 5kmH for Rstepand 6 km h for Rint, whereas  larger.
Wt extattains a minimum at approximately 4 kmHThis result Our within-step analysis of pendular energy transduction
confirms that maximal pendular transduction takes place atshows that muscular intervention may be divided into two
speed higher than the most economical speed of walking, asmponents: (i) when the transduction betwEgrand Ex is
has become progressively more evident as more data azero (i.e. duringpk+ to increase botlEp and Ex and during
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tok—, to decrease botlEp and Ex), and (i) during the between potential and kinetic energy of the centre of mass by
transduction betweds, andEk, when the muscles both release making the changes ifip and Ex more exactly out of phase.
and absorb energy (duringrup and tidown). The first  This is shown by the reduction in bdia+ andtpk-, which is
component is due to a shift betweenEg@ndEk curves away  significant in the African women only (Table 1). The reduction
from being exactly out of phase (180°), whereas the secorisl relatively larger fotpk- thantpk+, suggesting that the period
component is due to a difference in the amplitude and shagieiring which bothEp and Ex decrease as a result of negative
of the two curves. It is now possible to assess how energyork being done by the muscular force is more easily reduced
recovery through pendular transduction is affected by the phasigan the period during which energy is added to the system. In
shift between thé&, andEx curves and how it is affected by fact, under some conditiongk-, but nottpk+, can disappear
the difference in shape/amplitude of the two curves. Ar{Fig. 7).
example is discussed below for loaded compared with Of the two periods when an energy transduction occurs
unloaded walking. betweenkEp andEk, loading affects mainlytr,down, When the

An obvious reason for failure to recover energy using théody ‘falls forwards’ on the supporting leg (Figs 5, 6).
pendular mechanism is a phase shift of other than 18Q°%ading favors the transduction &p to Ex, so that a
between the potential and kinetic energy curves. Why is themaller amount ofEp has to be absorbed by the muscles
value of 180° not maintained? Although a net input of energycompare the negative slopes of thgg curves during
during tpk+ to increase botliep and Ex is to be expected, to tir down in Figs 3 and 5). This is shown by a faster increase
overcome the energy lost by friction in the pendular motionin r(t) at the beginning of the descent of the centre of
the necessity of a net absorption of bBgrandEx duringtok-  mass, which is particularly evident in the African women
is less cleartpk+ occurs mostly during the period of double (Fig. 6). In the extreme case illustrated in Fig. 7, loading
contact and corresponds to the forward and upward push of thesults both in the disappearancetgf (discussed above),
back foot as it is about to leave the ground (Cavagna arahd in a transduction betwe&g andEx during the descent
Margaria, 1966). Mochon and McMahon (1980) showed thadf the centre of mass similar to that attained during the lift,
the action of muscles during the double-support phaseesulting in a plateau at a high value @j. It is quite possible
establishes the initial conditions for the succeeding mainlyhat the differences described between European subjects and
ballistic phase of the step, which takes place during the singksfrican women in the present study may derive in part from
contact.tpk-on the other hand occurs during the single-contadthe location of the mass support: head-supported in the
phase and corresponds to an unexplained waste of energy difeican women and shoulder-supported in the European
to the fact that the maximum d&p is attained before the subjects.
minimum of Ex.

During the periods when energy transduction does occur Concluding remarks
betweerkEp andE, the failure of (t) to attain a value of unity The present study throws more light on pendular energy
implies that negative and positive work is done by thdransduction during walking because it offers the possibility
muscular force to absorb or deliver energy becausgghad  of investigating this energy transduction at different phases
Ex curves are not mirror images. During normal, unloadeaf the gait cycle. One of the first outcomes of this new
walking, this failure is smaller duringrup, corresponding analysis is a demonstration of the asymmetry between the
to the lift of the centre of mass, than duringdown, ~ Upward and downward phases of the pendular oscillation of
corresponding to the descent of the centre of mass. This tise centre of mass. The new ind®x:, designed to quantify
unexpected because, as mentioned above, the lift is initiatg@ndular energy transduction, confirms and extends the
by the double-support phase of the step, whereas the descaribrmation given by the previously used indé¥tep An
is initiated with the whole body pole-vaulting over the application of this new approach is the analysis of the effect
supporting leg in the ballistic single-contact phase of the stepf loading on the mechanics of walking: the phases of the
i.e. when the inverted pendulum model should apply. Thetep mainly affected by loading can now be determined, even
‘square’ shape af(t) rising abruptly to a plateau duritgup,  though the mechanism of the observed changes is still
results in an increase of approximately 60% in the totalinknown. Loading improves the pendular transduction
fractional energy recoveredRif). The less effective betweenEp and Ek, particularly during the single-contact
‘triangular’ shape of (t) duringtir,downis due to a slower rise ballistic phase of the step. The improved pendular
to unity, during which the gravitational potential energytransduction is achieved because thg and Ex curves
actively absorbed by the muscles and elastic structures lilecome more exactly out of phase because of a change in
greater than the simultaneous increase in kinetic energy. Thieeir relative shape, particularly at the beginning of the
contrary is true for the shorter period after the peak(tpf  descent of the centre of mass. Even if this mechanism occurs
energy must now be added to incre&gebeyond the level atleastto some extent in the European subjects, it is exploited

attained due to the decreaseEn(Fig. 3). fully by the African women, with the result that the increase
_ _ in the fraction of energy recovered by pendular transduction
Walking with loads over the whole step cycle in response to loading is significant

One effect of loading is to improve the pendular transductioin the African women only.
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Ecg

Ex
Exf

Exkv

r(x)

Rstep

tdc

tpk+

tpk_

tsc
ttr,down
tr,up
Vi

W

Wext

List of symbols

total mechanical energy of the centre of mass:
Ecg:Ek+Ep

kinetic energy of the centre of mag&s= Exf+Exy

kinetic energy of forward motion of the centre of
mass:Ex=0.5MV;?

kinetic energy of vertical motion of the centre of
mass:Eik=0.9VV,2

gravitational potential energy of the centre of mass

acceleration due to gravity

body mass

instantaneous recovery of mechanical energy
calculated from the absolute value of the
increments, both positive and negative Egf Ex
andEcg during the step (Equation 2)

instantaneous recovery of mechanical energy
calculated from the absolute value of the
derivative of the functions simulatirig, Ex and
Ecg during a cycle (Equation 5)

recovery

mean value over one period i§k) (simulation) or
r(t) (experimental data); for the simulation:
Rint(X)=[Jor (U)du]/360° andRint(360°)=Rin; for
the experimental datﬁeim(t):[fgr(u)du]/t and
Rint(T):Rint

recovery of mechanical energy calculated from the
sum over one step of the positive increments of
Ep, Ex andEcg (Equation 1)

time

fraction of the step periodduring which both
feet are in contact with the ground (double
contact)

difference between the time at whiEh is
maximum and the time at whidk, is minimum.
Ex andEp increase simultaneously durityg-+

difference between the time at whiEh is
minimum and the time at whidBp is maximum.
Ex andEp decrease simultaneously durityg-

fraction of the period during which one foot only
contacts the ground (single contact)

mass Ecg=Ep+Eki+Eky. Wext is the sum of the
positive increments dcg duringt
work calculated from the forward speed changes of
the centre of mass during each siéfy is the
sum of the positive increments B during T
work calculated from the kinetic energy changes of
the centre of mass during each siéfi is the
sum of the positive increments Bf duringt
work calculated from the potential energy changes
of the centre of mass during each sty is the
sum of the positive increments Bf duringt
a phase shift between the maximumEafand the
minimum of Ep; a=360%pk+/T, wheretpk+ is the
difference between the time at whiEkis a
maximum and the time at whidfp is a minimum
B phase shift between the minimumdf and the
maximum ofEp; B=360%pk-/T, wheretpk-is the
difference between the time at whiEkis a
minimum and the time at whidBp is a maximum
T step period, i.e. period of repeating change in the
motion of the centre of massstscttdc

W

Wy

The authors would like to thank Dr Luigi Tremolada for his
analysis of the simulation (Equations 4-6).
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