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Summary

The effect of age and body size on the total mechanical function of speed, attaining a maximum value independent
work done during walking is studied in children of of age but occurring at higher speeds in older subjects.
3-12years of age and in adults. The total mechanical work A higher metabolic energy input (Jkg=m) is also
per stride (Wiot) is measured as the sum of the external observed in children, although in children younger than
work, Wext (i.e. the work required to move the centre of 6 years of age, the normalised mechanical work increases
mass of the body relative to the surroundings), and the relatively less than the normalised energy cost of
internal work, Wint (i.e. the work required to move the locomotion. This suggests that young children have a
limbs relative to the centre of mass of the bodyVintk, and  lower efficiency of positive muscular work production
the work done by one leg against the other during the than adults during walking. Differences in normalised
double contact period,Wint,dc). Above 0.5m s71, both Wexx ~ mechanical work, energy cost and efficiency between
and Wintk, normalised to body mass and per unit distance children and adults disappear after the age of 10.

(J kg~ m1), are greater in children than in adults; these
differences are greater the higher the speed and the
younger the subject. Both in children and in adults, the
normalised Wint,dc shows an invertedU-shape curve as a

Key words: walking children, mechanical work, energy cost,
muscular efficiency.

Introduction

Children consume more energy per unit body mass to walkork (Wint), which is the work that does not directly lead to a
at a given speed than do adults (DeJaeger..e@01). The displacement of th€EOM. Only some ofVint can be measured:
difference in the net mass-specific metabolic energy cost pét) the internal work done to accelerate the body segments
unit distance (i.e. the cost of transport, the energy requireglative to theCOM (Wintk) and (2) the internal work done
to operate the locomotory machinery) between adults anduring the double contact phase of walking by the back leg,
children is greater the higher the speed and the younger thdich generates energy that will be absorbed by the front leg
subject. For example, at a speed ofi &1, a 3—4-year-old has (Wint,do). On the contrary, the internal mechanical work done
a net oxygen consumption 33% greater than adults. Thier stretching the series elastic components of the muscles
difference disappears by the age of 11ydars. during isometric contractions, to overcome antagonistic co-

In order to take into account the difference in size betweecontractions, to overcome viscosity and friction cannot be
children and adults, the speed of progression can be normalisgidectly measured (although this unmeasured internal work
using the dimensionless Froude numb&(gl), whereViis  will affect the efficiency of positive work production; Willems
mean walking speedj is acceleration of gravity andis leg et al, 1995).
length (Alexander, 1989). In this case, the difference in the cost Walking is characterised by a pendulum-like exchange
of transport between children and adults for the most palietween the kinetic and potential energy of ®@M. In

disappears. This indicates that, after the age ofy8a#s, the

children, the ‘optimal speed’ at which these pendulum-like

difference in the cost of transport may be explained mostly oransfers are maximal increases progressively with age from

the basis of body size (DeJaeger et 2001).
As previously observed in running (Schepens et201),

0.8mstin 2-year-olds up to 1. s?tin 12-year-olds and
adults (Cavagna et.all983). At all ages, the optimal speed is

body size can also affect the positive muscle—tendon worklose to the speed at which the mass-specific work to move the

(Wiot) performed during walkingot naturally falls into two

COM a given distanceYext, is at a minimum. Above the

categories: the external worlkMx), which is the work optimal speed, the energy transfers decrease. This decrease is
necessary to sustain the displacement of the centre of massgoéater the younger the subject. The decreased transfers result
the body COM) relative to the surroundings, and the internalin a greater power required to move B®M: at 1.25m s,
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the mass-specific external pow#leky) is twice as great in a healthy adults participated in the experiments. They were
2-year-old child than in an adult. When normalising the speedivided into six age groups: the 3—4-year-old group included
with the Froude numbetVex: is similar in children and in subjects 3ears to <5ears old; the 5-6-year-old group
adults. included subjects $ears to <Fears old, etc. Each group
The work done by one leg against the othéri(dc) was not  comprised 4—6 children; the averaged physical characteristics
counted in the ‘classic’ measurements of the positive musculaf these groups are given in talilef Schepens et al. (2001).
work done during walking, which was calculated asWritten informed consent of the subjects and/or their parents
Whot=WexrtWint,k (Cavagna and Kaneko, 1977; Willems et al was obtained. The experiments involved no discomfort, were
1995); consequentiWintk has previously been referred to performed according to the Declaration of Helsinki and were
simply asWint. Using force platforms, Bastien et al. (2003) approved by the local ethics committee.
studied the effect of speed and age (sizeWaidc in 3—12- Subjects were asked to walk across an-tbng force
year-old children and in adult®Vintdc @as a function of speed platform at different speeds. The mean spe¥d (was
shows an invertetd-shape curve, attaining a maximum valuemeasured by two photocells placed at the level of the neck and
of approximately 0.15-0.2Dkg-1 m-1, which is independent set 0.7-5.5n apart depending upon the speed. In each age
of size but occurs at higher speeds in larger subjects. Tlygoup, the data were gathered into speed classes of
differences due to size disappear for the most part Whgae  0.13-0.14m s1 (0.5km h1).
is normalised with the Froude number.
These observations indicate that, as for the energy Measurement of positive mechanical work done per stride
expenditure, the speed-dependent chang&¥inand Wint,dc The kinetic internal workWint,k), the external workWex)
are primarily a result of body size changes. To our knowledgend the work done during the double contact ph¥ée do)
the internal work due to the movement of the limbs relative tevere measured simultaneously on 531 complete strides
theCOM (Wint,k) has never been measured in walking childrenaccording to the procedures described below. A stride was
In the present study, we measure simultaneolsly, Wintk  selected for analysis only when the subject was walking at a
andWint,dcin children and in adults walking at different speedsrelatively constant average height and speed. Specifically, the
and calculat&\or and efficiency. sum of the increments in both vertical and forward velocity of
Wotis calculated fronWext, Wint,k andWint,dcover a complete  the COM could not differ by more than 25% from the sum of
stride, taking into account any possible energy transfers thetie decrements (Cavagna, 1975). According to these criteria,
would reduce the muscular work done. Transfers betWégn the average vertical force was within 4% of the body weight,
and Wintk were analysed by Willems et al. (1995). Energyand the difference in the forward velocity of t8®M, from
transfers between the back and the front legs in the computatitive beginning to the end of the selected stride, was less than
of Wint,ac were discussed by Bastien et al. (2003). In the preseb®bo of Vi in 95% of the trials (at very low speeds, it was less
study, we analyse the possible transfers betwdgrk and  than 10% oiVs).
Wint,d, we show that, during the double contact phase, some
positive work done by the back leg in pushing the body Measurement of positive internal work due to the segment
forwards can result in an increase of the kinetic energy of the movements per stride
front leg moving backwards relative to t8©M. Wintk was computed from the segment movements and
The total mechanical work is compared with the energwnthropometric parameters. The body was divided into 11 rigid
expenditure to evaluate the efficiency of positive worksegments (Willems et.atl995): one head/neck/trunk segment
production. It is shown that children younger thayeérs are and two thigh, two shank, two foot, two upper arm and two
less efficient than adults in producing positive work duringlower-arm/hand segments. The head/neck/trunk segment and
walking. the right limb segments were delimited by infrared emitters
placed at their extremities (see taBlm Schepens et.a2001).
The coordinates of the infrared emitters in the forward and
Materials and methods vertical directions were measured everyn® by means of
Measurements of the mechanical work during walking wer@ SELspot 1I® system (8Lcom®, Goteborg, Sweden). The
performed on the same subjects and during the same sessionsrdinates were smoothed with a cubic spline function
as the previously published measurements of the mechanid&lohrmann et al 1988).
work during running (Schepens et &001). The details of the A ‘stick man’ of the position of each segment relative to the
methods used to computiext are given in Cavagna (1975) head/neck/trunk segment was constructed every framel{fFig.
and Willems et al. (1995), those used to compiiek are  The movements of the head/neck/trunk segment relative to the
given in Cavagna and Kaneko (1977) and Willems et alCOM were ignored because their contribution Wtk is
(1995), and those used to compWa: dc are given in Bastien negligible (Willems et aJ 1995). The left side of the subject,
et al. (2003); these methods are only summarised here. opposite to the camera, was reconstructed from the right-side
data on the assumption that the movements of the segments of
Subjects and experimental procedure one side were equal and 180° out of phase with the other side.
Twenty-four healthy children of 3—j&ars of age and six The angular velocity of each segment and the translational
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velocity of its centre of mass relative to the head/neck/trunkotational energy. The kinetic energgrsustime curves of the

segment were calculated from the derivative of their positiosegments in each limb were summed. The internal work due

versugime relationship. The position of the centre of mass antb the movements of the upper limbgf,, was then

the moment of inertia of the body segments were calculatezhlculated by adding the increments in their kinetic

using the anthropometric parameters of t&ble Schepens et energy—time curves (Fid). In order to minimise errors due to

al. (2001). noise, the increments in kinetic energy were considered to
The kinetic energy of each segment due to its displacemergpresent positive work actually done only if the time between

relative to the head/neck/trunk segment and due to its rotatidwo successive maxima was greater than 20+14,Gaccording

was then calculated as the sum of its translational anib the speed of progression. The same procedure was used with
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the kinetic energy—time curves of the lower limbs to computé¢Ex=imV?), andW is the sum of the increments of tBerExv
the internal work due to their movemer\Mm,k (Fig.1). Wintk ~ curve Ex=tmVy2). Equation2 evaluates the amount of energy
was then computed as the sum Wfj;x and W‘imyk. This  recovered through the transfer between energy due to the
procedure allowed energy transfers between segments of tftgward motion of th&€OM (Ekf) into energy due to its vertical
same limb but disallowed any energy transfers betweemotion Ept+Eky). R differs slightly from Rc becauseEky is
different limbs (Willems et al 1995). included in theWk term of equatiorl and is included in the
W, term of equatio:2.
Measurement of positive external work per stride

Wext was calculated from the vertical and forward Measurement of positive internal work made by one leg
components of the force exerted onra.4 m force platform against the other during double contact
mounted 25n from the beginning of a 4@ walkway. The In walking, during the double contact phase, positive work
platform was made of 10 different plates, similar to thoses done by the back leg pushing forwards while negative work
described by Heglund (1981). The plates measured the fore—igtdone by the front leg pushing backwards. The forces exerted
and vertical components of the forces exerted by the feet diy each lower limb on the ground were measured separately.
the ground. The responses were linear within 1% of thdhe powers generated against the external forces by the front
measured value for forces up to 3000The natural frequency and back legs were calculated from the dot product of the
of the plates was 189z. vertical and horizontal components of the ground reaction

The signals from the platform were digitised synchronouslyjorces acting under each leg multiplied, respectively, by the
with the camera system. The integration of the vertical andertical and horizontal velocity of theOM (Donelan et al
forward components of the ratio force/mass yielded th@002; Bastien et al 2003). The positive work done by the
velocity changes of th€OM, from which the kinetic energy ground reaction forces was calculated independently for the
(Ex) was calculated after evaluation of the integration constanfack fbacy and the front\(ront) limb from the time-integral
(Cavagna, 1975; Willems et.all995). The kinetic energy of Of the power curves, taking into account any energy transfers
the COM is equal toEx=im(V2+V\2), wherem is body mass (Bastien et a)J 2003). Part of the positive work done by the
and Vs and Vy are the forward and vertical components,limbs results in an acceleration and/or an elevation of the
respectively, of the velocity of tHfeOM. A second integration COM. In order not to count the same work twice, the positive
of the vertical velocity yielded the vertical displacement of thenuscular work realised by one leg against the other during
COM, from which the gravitational potential enerdgpwas double contacWiniac was evaluated by:

calculateq. Potential' energy of tB®OM is equgl toEp:ngs\,, Wint de= Whack+ Wiront—Wext 3)
where g is the gravitational constant ar®} is the vertical . o _
displacement of thEOM. SinceWint,dc was computed from the individual limb ground

The mechanical energy of t2OM (Eex) was the sum of eaction forces, it was necessary that the two feet were on
the Ex andEp curves over a complete striddext was the sum ~ different plates during the double contact phase. This
of the increments in thBex curve (Fig.1). Similarly, W, the ~ equirement could not often be fulfilled over consecutive
positive work done to sustain the velocity changes ottll, ~ double contact phases. For this reasbia;ic was measured
was the sum of the increments of Becurve, and\p, the  ©N @ single double (_:ontact phase of the stndg and the result
positive work done against gravity, was calculated from th&/as doubled to obtain th&ntqc for the whole stride. In 10%
increments in theEp curve (Figl). The increments in ©Of the trials, two successive measurements\fidc were
mechanical energy were considered to represent positive wob@SSiPle within a stride; the two measurements were not
actually done only if the time between two successive maximgatistically different -0.995,P<0.32,N=53).
was greater than 2@s.

Walking can be compared to a pendular mechanism wher
potential energy is transformed into kinetic energy wice
versa(Cavagna et gl 1976). The recovernyRj of energy due
to this pendular mechanism was estimated by:

eEvaluation of total positive muscular work done each stride

In order to compute the total positive muscular work done
(Whot), it is necessary to account for the possible energy
transfers betweeWext, Wintk andWint,dc. Willems et al. (1995)
showed thatWiot was best evaluated when no transfers of

R= 100x Wi + W — Wext energy were allowed betweéhex: and Wintk. Bastien et al.
- W' @) (2003) carefully analysed which part of the positive
mechanical work done by the legs can be attribut&ktpand
This equation differs S||ght|y from the ‘classical’ equation Ofto \Nlnt,do In the fo"owing paragraphS, we ana|yse the possib|e

recovery (e.g. Cavagna et,al976; Willems et al 1995),  energy transfers betwedntk andWint,dc.

which is given by: During the double contact phase, the push of the back leg
W + Wo — Wext that increases the forward speed of @@M relative to the
Rc=100x% TWEwWe (2) surroundings also increases the backward speed of the front
v

limb relative to theCOM. This is shown, for example, in the
where W is the sum of the increments of tli&s curve  first period of double contact in Fiy. The back leg (in this
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Fig. 2. The mass-specific internal work done per stride to accelerate the limbs relative to the centre of mass ofWhedahd(the stride
frequency {) are shown as a function of speed in each age group (top and middle row, respectively). The mass-specific internal power spent
move the limbs relative to the centre of mass of the bdély i=Wint kxf) is presented as a function of speed in the bottom row. Each symbol is
the mean of the data grouped into 0.13-@nist! (0.5km h-1) intervals along the abscissa. Bars indicatingstheof the mean are drawn

when they exceed the size of the symbol. The figures near each symbol in the top row fdpidsehtoken lines indicate the adult trends: in

the top and middle panels, lines represent the weighted mean of the adult data, whereas in the bottom panels, linesdameder secon
polynomial fit (KaleidaGraph 3.6). Note that the mass-spadific is larger in children due to a higher stride frequency with an approximately
equal internal work per stride.

case, the left leg) does positive muscular work to lift and t&Vot=Wext+ Wint = Wext+ Wint,dc+ Wint k=

accelerate th€OM (incrementa in Eext;, Fig. 1). The back leg

also does positive muscular work on the front leg (increment Wext"'\Nlnt,dc"'VVIint,k +Wintk - (5)
bin Wint,d¢; Fig. 1). The work done on the front leg can appear
as an increase in the rotational and translational kinetic energyNormalisation of the mechanical work done during a stride

of the front leg relative to th€OM (incrementc in E'im‘k; In order to compare subjects of different body size, the work
Fig.1) rather than just being absorbed and dissipated a®ne per stride was divided by the subject’'s body mass. This
negative work in the muscles of the front leg (decrerdent  mass-specific work can then be either divided by the stride
Wint,dc; Fig.1). In order to allow this transfer, thént‘k and length to obtain the work done per unit distance or divided by
Wint,dc curves of each leg are added instant-by-instant. Due tihve stride period to obtain the mean mechanical power
this transfer during the double contact phase, the increenentexpended during walking. In the sections that follow, the work

in Ely¢ (Fig. 1) is smaller than incrementin E'int,k. The sum symbols W) usually refer to the mass-specific work done per

of the increments of the resulting cuni,, is the internal unit distance (kg~tm1), and the symbols with a doé\()

work done on a lower limbi,). refer to the mass-specific power @y1).
The total positive work done by the muscles during walking, o - _
after allowing reasonable energy-saving transfers, is: Efficiency of positive work production
Efficiency of positive work production is calculated as the
Wihot = Wext+ V\ﬁnt:Wext"'VViint"'VV'iJnt,k . 4) Yo b

ratio of the total positive muscular mechanical power to the net
The total positive mechanical work done, not allowing energgteady-state energy consumption rdikef). The Mnet is the
transfers betweeWext, Wint k andWint,dc, would be: energetic equivalent of the total oxygen consumption rate
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minus the standing oxygen consumption rate. The total oxygespeed, children and adults do the same amouliek per
consumption rate for children was taken from the data ofinit body mass each stride.

Since the stride frequenct) @t a given speed is higher in
children than in adults (middle row, Fi), the mass-specific
internal power \Mntk = work per stride multiplied by stride
frequency) is greater in the children (bottom row, Bjg.The
Internal power due to the movements of the limb segmentsdifference is greater at high speeds and in the young subjects
and becomes negligible at speeds less thamst and in

DeJaeger et al. (2001).

Results

relative to theCOM

As walking speed goes up,
head/neck/trunk segment relative

supporting limb relative to th€OM increases. Furthermore,

the velocity of

to the surroundings
increases. As a consequence, the backward velocity of the

thesubjects older than A@ars.

External, internal and total mechanical work

At all ages, the recoveryR{ equationl) of mechanical

the stride length becomes longer and the time to reset the limbgergy via the pendulum-like transfer betwedfy and Ex
becomes shorter. As a result, the forward velocity of the swingttains a maximum of ~65% at intermediate walking speeds
leg increases relative to tOM. For these reasons, the mass-(circles in upper row of Fig), although the speed of the
specific Wintk done per stride increases with speed, both imaximumR increases with age during growth. In the same
children and in adults (top row, Fig). Note that, at a given panels of Fig3, the crosses show the recovBg(equatiorn?).



Table 1.Statistical test of differences between children and atigt(J kgt nr1)
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Age group (years)

Speed class 3-4 5-6 7-8 9-10 11-12
0.56-0.69ns1 - F=3.957P=0.0473 n.s. n.s n.s.
0.69-0.8ans1 n.s. F=10.763P=0.0011 n.s. n.s. n.s.
0.83-0.97mst n.s. F=6.961P=0.0086 n.s. n.s. n.s.
0.97-1.1Ims™1 n.s. F=9.307P=0.0024 n.s. n.s. n.s.
1.11-1.25ns?t n.s. F=13.675P=0.0002 F=4.561P=0.0333 n.s. n.s.
1.25-1.39ns? n.s. F=16.478P=0.0001 n.s. n.s. n.s.
1.39-1.53ns! F=10.182P=0.0015 F=25.245P=0.0001 n.s. n.s. n.s.
1.53-1.67ms! F=29.257P=0.0001 F=23.643P=0.0001 n.s. n.s. n.s.
1.67-1.8Ims! F=33.887P=0.0001 F=20.411P=0.0001 F=3.993P=0.0463 n.s. n.s.
1.81-1.94ns! F=46.886P=0.0001 F=4.253P=0.0398 F=4.985P=0.0261 n.s. F=6.308P=0.0124
1.94-2.08ns1t - F=11.542P=0.0007 n.s. F=12.188P=0.0005 n.s.
2.08-2.22ns1 - - n.s. F=9.428P=0.0023 n.s.
2.22-2.36ns1 - - F=28.574P=0.0001 F=12.156P=0.0005 n.s.
2.36-2.50ns1 - - F=22.325P=0.0001 F=5.273P=0.0221 n.s.
2.50-2.64ns1 - - F=10.440P=0.0013 F=10.032P=0.0016 -

n.s., not statistically different.

R and R; are very similar because the variationsEpj are The total mass-specific muscular work per unit distaivesg,
small compared with the variations Bf and Exs. Since the (bottom row, Fig3), is calculated as the sum of the mass-
vertical velocity of theCOM is nil when it reaches its highest specific external work per unit distand¥ext, plus the mass-
and lowest point, the maximum and minimum of Baeeurve  specific internal work per unit distand¥int. The arrows in the
are likely to be the same as those of BgeEky curve. bottom panels indicate the speed at which the net energy cost
The mass-specific external work per unit distanéex( is minimal (see fig3 of DeJaeger et al., 2001). Contrary to the
second row, Fig3) reaches a minimum at a speed slightlynet energy cost of walking, the curve\Wf as a function of
lower than whereR is maximal. Above this ‘optimal’ speed, speed does not have a well-defined minimum, although this
Wext increases more in children than in adults since theould occur at speeds lower than the ones explored. Above
decrease oR with speed is greater in children than in adults0.5m s™1, Wit increases with walking speed more steeply in
(the effect of speed and growth on the link betwRa@ndWex:  children than in adults. A two-way repeated-measures analysis
was discussed in detail by Cavagna et1883). of variance with contrasts (SuperANOVA, 1.11) was made to
Both in children and in adults, the mass-spetifig,dc per  determine the speed at whidl differs between children and
unit distance shows an invertedshape curve as a function of adults. Specifically, the effect of speed was analysed within
speed (third row of panels in Fig). Wint,dc attains a maximum each age group, and the speed at wiighin children became
value of ~0.199 kg1 m, independent of age, although the significantly different from that in adults was determined
speed at which this maximum occurs increases frommk®  (Tablel). In children younger than dears, Wt is always
at the age of $ears to ~1.8ns! above the age of Aears. greater at high walking speeds. The contrast analysis also
As a consequence, the maximum mass-specific poweshows a statistical difference Wt between the 5-6 years
developed by one leg against the other (which is the produgroup and the adults, even at very low speeds. This difference
of mass-specifi®Vint dc per unit distance multiplied by speed) is of the order of 0.0dkg~1 m~1, which represents ~5% of the
increases with age, from 0.¥8 kg at the age of three to adult values. Even if this difference is statistically significant
0.25W kg1 above the age of 10. it is unlikely to be biologically significant.
The mass-specifidVintk per unit distance (fourth row,
Fig. 3) represents the work done to move the limbs relative to
the centre of mass; it is the sumdf,  +\We, . The difference Discussion
betweenwWint k in children and in adults is greater the younger In the present study, the internal work done to accelerate
the subject and the higher the speed and becomes negligilthes limb segment relative to ti@OM (Wintk) is measured for
after the age of 10. the first time in children walking at different speedétk is
The mass-specific internal work per unit distaMg; (fifth measured simultaneously with the external wdoikxf) and
row, Fig.3), is not equal to the sum O¥inidc and Wintk.  the work done by one leg against the othergdc) per stride.
Indeed, due to the energy transfer betweeWMthgic andE'im’k The Wint k, Wext andWint,dc are combined, taking into account
curves (Figl), Wint is very similar toWintk. Compared with  possible energy transfers, to get the total mechanical work
adults, Wint is noticeably greater in subjects younger than(Wiot) per stride. The results obtained for the mass-specific
1lyears and at speeds higher tharm $1. Wext andWint,dc per unit distance are in agreement with those
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Fig. 4. Mechanical power, net metabolic power and efficiency of positive work production in walking children. The top row peesesass-th
specific total positive mechanical powkt;) as a function of speed in each age group. The second row shows the net energy consumption rate
at steady statéVne); these data are taken from DeJaeger et al. (2001). The efficiency of positive work production during walking (bottom row)
is calculated a¥\iot divided byMnet (equation). The values of efficiency are only presented at speeds abovem8:¥Where results are
considered to be robust (see text). The continuous and broken lines are fitted through all the data of children and exdiviety,respg a
second-order polynomial function (KaleidaGraph 3.6). Efficiency is computed from these polynomial functions. Other indieatiens a

Fig. 2. Note that in children younger than six, the efficiency of positive work production during walking is lower than in adults.

of Cavagna et al. (1983) and Bastien et al. (2003);1.25ms™; at lower and higher speeds the efficiency
respectively. decreases. These values are in good agreement with those of
Cavagna and Kaneko (1977) and Willems et al. (1995). At
Efficiency of positive work production during walking  speeds greater than ris=, the efficiency of positive work
The efficiency of positive work production by the musclesproduction is greater than the maximal efficiency of the
and tendons during walking is calculated as the ratio of the totabnversion of chemical energy into positive work by muscles
mechanical poweMkor, i.e. the work per stride multiplied by (<0.25; Dickinson, 1929), suggesting that elastic energy is
the stride frequency) to the net energy consumption kafe ( stored during the phase of negative work to be recovered during
i.e. the gross energy consumption rate minus the standirige following phase of positive work (Willems et, d995).
energy expenditure rate): Before the age of seven, the increaseViiget cannot be
- T explained only by an increase\tot. Part of the extra cost of
Efficiency =Wio/Mnet. ©) walking in young children appears to be due to a reduction in
The total mechanical power is shown as a function of walkinghe efficiency of positive work production. For example, in
speed in the top row of Fig. Mne;, the cost of operating the 3—4-year-old children, the efficiency is 0.15-0.25, while after
locomotory machinery, is presented in the middle row of#ig. the age of six the efficiency is similar in children and adults.
(data from DeJaeger et,&001). At all ages, boiMetandMnet ~ The lower efficiency in young children could be explained, at
increase with walking speed, although the increase is greatieast in part, by the immature muscular pattern observed during
the younger the subject. The differencesAiar and inMnet  walking before the age of five (Sutherland et #88), which
between adults and children disappear after the age of 10. may require more isometric and/or antagonistic contractions to
The efficiency of positive work production is presented instabilise the body segments. These contractions would result
the bottom row of Figd. Assuming the precision of the in an increased energy expenditure without any increase in the
mechanical power measurement is as good ad/&kd1, then  mechanical work (Griffin et 3l2003).
at low speeds, where the total mechanical power is small, a
change inVikot of 0.1W kg1 would result in a change in the Contribution of external and internal power to the total
efficiency of >0.05. For this reason, the values of efficiency mechanical power during walking
are considered to be robust only at speeds above rs75 At speeds below fin s, the internal power is smaller than
In adults, the efficiency reaches a maximum of 0.30-0.35 dhe external power in all age groups (FAy. This is due to the
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Fig. 5. Contribution of external and internal power to the total mechanical power spent during walking. In each age groupsfieeifitass-
external power\Wexy), internal power\(\in1) and total power\or) are presented as a function of the walking speed\ikarthe solid line
represents the total mechanical power based upon eqgdatidrich allows reasonable energy transfers (see Materials and methods). The lower
broken line shows the total mechanical power computed as the svilax@ndWink (as has been done in the past). The upper broken line
shows the total mechanical power based upon equatiatich does not allow any energy transfers betWwdem Wintk and Wint,de. Lines
represent the weighted mean of the data (KaleidaGraph 3.6). Note that at low ¥peesigireater thakVint.

fact that the two components of the internal power teni o

towards zero as speed approaches zero. On the contrary, Al K R
external power, specifically the power necessary to sustain tl @,@%
vertical movements of th€OM, does not tend towards zero §/§

as speed approaches zero (Cavagna,et383). As speed is
increased aboverh s1, Wiy increases faster thalext, and at
high walking speed it is 20-40% greater thag: (except in
the 3—4-year olds).

In the present study, the two components of the interns
power, and the energy transfers between them, are taken ir
account for the first time in the computation of the total
muscular power of walkingMot, based upon equatien(i.e.
allowing all reasonable energy transfers, as explained in tt i @6%

Materials and methods), is shown by the solid line in Fig. 0 2 ! !
If, on the other hand, the total power is based upol 0 0.5 1
equation5 (i.e. assuming no energy transfers), then the Froude number

resulting total power is shown by the upper broken line in

F.Ig' ‘rI) At trf]]e Othe(;‘.vl'm't'. _'f th_e tOtf'iI pgwer is r(]:alckl)Jlated power {ikor) are shown as a function of walking speed. The speed is
simply as the sum Alexc-Wintk, IgnoringWint,dcas has been ., majised using the dimensionless Froude num@&g[), where

done in the past, the result is the lower broken line ingig. V. is the forward mean walking speeg,is the acceleration of

It can be seen that at all agé¥intdc represents a small gravity andl is the leg length], which allows different size subjects

fraction of the total muscular power spent during walking'to be compared. Each age group is represented by a different symbol

Wint,dc represents ~10% of the total power at intermediat(circles, 3-4 years; squares, 5-6 years; diamonds,y&a:8;

speeds, decreasing to zero at low speeds and <5% at hitriangles, 9-1ears; inverted triangles, 11-$&ars). Broken lines

speeds. represent the weighted mean of the adult data (KaleidaGraph 3.6).
Other indications are as in Fi@. Note that normalisation of the

Normalisation for body size speed reduces the differences between adults and children.

Mechanical power (W kg=2)
g

Fig. 6. The mass-specific internal pow#Yi{;) and total mechanical

At a given speedpintk per unit body mass and per stride is
the same in all age groups (top row, Hpin spite of large dimensions. In other words, this normalisatioMéf x makes
differences in stride frequency, movement amplitude and limii independent of the amplitude/duration of the oscillation and
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takes into account the different dimensions of the children andex
adults. Wext

Different size subjects can be compared at equivalent, sizév
independent speeds if the mean velocity is normalised usindfront
the Froude number (Alexander, 1989). This assumes that
children and adults move in a dynamically similar manner, i.8Wint
all lengths, times and forces scale by the same factors. InVint
situation such as walking, where inertia and gravity are oWint,dc
primary importance, size-dependent speed differences should
disappear if the assumption of dynamic similarity is justified.Wint dc

The upper panel of Fig showsWint as a function of the
Froude speed. For the most part, the differences betwe&¥ntk
children and adults disappear, although at the same Froubi¢nt k
speed the data of the smaller subjects tend to be lower than
those of the larger subjects, indicating that not all difference/,
can be explained simply on the basis of size. The same can ‘hént,k
seen folkot (Fig. 6, lower panel). Likewise, WheWex, Mnet Wik
andWint4c are expressed as a function of the Froude numbeyk
the differences between children and adults also tend
disappear (Cavagna et,d983; DeJaeger et a22001; Bastien  Wot
et al, 2003). These observations indicate that, after the age ot
three, the differences observed in the mechanics and energetWs
of walking during growth may be explained, for the most part,

external work

mass-specific external power

work done to sustain the forward motion of @M

positive muscular work done by the front leg during
double contact

internal work

mass-specific internal power

positive muscular work realised by one leg against the
other during double contact

mass-specific power expended by one leg against the
other during the double contact phase

work required to move the limbs relative to @M

mass-specific internal power expended to move the
limbs relative to theCOM

internal work done on a lower limb

internal work due to the movements of the lower limbs

internal work due to the movements of the upper limbs

work done to accelerate ti@OM

potential gravitational energy changes of @@M

total mechanical work

total mass-specific mechanical power

work done to sustain the vertical motion of @M

on the basis of dynamic similarity. The fact that efficiency is This study was supported by the Fonds National de la
lower in very young children compared with in adults suggestRecherche Scientifique of Belgium.

that factors other than size scaling, such as developmental
changes in the neuromuscular system, may play a role before
the age of six.
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