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The double contact phase in walking children
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Summary

During walking, when both feet are on the ground (the number shows thatWint,dc is maximal at about 0.3 in both
double contact phase), the legs push against each other, children and adults. Differences due to size disappear for
and both positive and negative work are done the most part when normalised with the Froude number,
simultaneously. The work done by one leg on the other indicating that these speed-dependent changes are
(Wint,dc) is not counted in the classic measurements of the primarily a result of body size changes. At its maximum,
positive muscular work done during walking. Using force Wintdc represents more than 40% ofWeyx: (the positive
platforms, we studied the effect of speed and age (size) on work done to move the centre of mass of the body relative
Wint,de. In adults and in 3-12-year-old children, Wintdc  to the surroundings) in both children and adults.

(I kgtm1 as a function of speed shows an inverted-

shaped curve, attaining a maximum value that is

independent of size but that occurs at higher speeds in Key words: child, double contact, locomotion, mechanics, walking,
larger subjects. Normalising the speed with the Froude work.

Introduction

During walking, muscles must perform positive work towork (Wintk), using cinematographic analysis (Cavagna and
replace the energy lost from the body at each step, evenKfaneko, 1977).
the average speed is constant and the terrain level. TheDuring the double contact phase of walking (DC), when
measurement of the total muscular work during walking isoth feet are on the ground, the muscles perform more than
difficult and often imprecise. The most common method ofust Wext andWint k; they also have to perform work due to the
determining the total muscular work of locomotion is tofact that one leg is pushing against the other.
measure the kinetic and potential energy of the body and to Recently, Donelan et al. (2002a) measured the work done
assume that increases in the total energy are due to positivg one leg pushing against the other during DC in walking
muscular work and decreases are due to energy lost from thdults. This mechanism had been discussed by Alexander and
system. Jayes as early as 1978 (Alexander and Jayes, 1978), but the

The total muscular work is often divided into two parts: themechanical work had never before been measured. During DC,
external work and the internal work. The external waisyf) both legs are on the ground simultaneously and exert horizontal
is performed to raise and accelerate the centre of mass of tfegces in opposite directions; the back leg is pushing forwards
body (COM) relative to the surroundings. The walking gait inwhile the front leg is pushing backwards. The work performed
humans and other terrestrial animals involves a pendulum-likéuring DC by the muscles of the back leg can be considered
transfer between potential and kinetic energy of GV, in two parts: the first is to accelerate and raise®/, and
which substantially reduces the amount of work required of ththe second is to compensate for the work simultaneously
muscles to move theOM at a constant average speed on levebhbsorbed by the muscles of the front leg to redirect the
terrain (Cavagna et al., 1977). trajectory of theCOM. The first part is measured A&yt but

The internal work is performed to accelerate the bodyhe second part, the work done by one leg against the other,
segments relative to tHeOM, to overcome internal friction Wint,de, IS not measured &¥%ext nor asWint k.
or viscosity, to overcome antagonistic co-contractions and to During growth, body dimensions change significantly,
stretch the series elastic components (Cavagna et al., 196d)most 4-fold for the body mass and almost 2-fold for the leg
Although any work that is not done on the environment nolength, between the age of 3 and adulthood (Schepens et al.,
changes the energy level of tl@OM is internal work, 1998). The work done by one leg against the other should
typically only the work done to accelerate the body segmentdepend on the forces exerted by each leg and the displacement
relative to theCOM has been measured as classical internabf the COM during DC, both of which may change with age.
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The horizontal component of the force should increase as thidgitised by a 12-bit analogue-to-digital converter evengss
angle between the legs increases, and the forward displacemantl processed by means of a desktop computer.
of theCOMduring DC may be related to the length of the foot A complete step was selected for analysis only when the feet
(after the moment of front foot heel-strike, the back foot isvere on different force plates and when the subject was
‘peeled off’ the floor as th€EOM continues to move forwards; walking at a relatively constant average height and speed.
Cavagna et al., 1976). The effect of age and body dimensio&pecifically, the sum of the increments in both forward and
on Wint,dc is unknown, yet\intdc may be an important factor vertical velocity could not differ by more than 25% from the
in explaining the higher energy cost at a given speed of walkingum of the decrements (Cavagna et al., 1977). According to
in children (DeJaeger et al., 2001). In this study, we measuthese criteria, the difference in the forward speed oCO#&I
Wint,dcin children and adults during walking at different speed$rom the beginning to the end of the selected step was less than
and compare it withWex;, since, to date, no data exist for the 6% of \k (except in four instances at very low speeds below
total power output of walking children. 0.56m s}, where it was up to 9%), and the mean vertical force
was within 5% of the body weight.
The step lengthlgep was calculated a¥ times the step
_ period measured from the force tracings. The distance the
Subjects COM moves forward during the period of double contagt)(
Experiments were performed on 24 healthy children ofvas calculated as the mean speed during DC multiplied by the
3—-12years of age and six healthy young adults of 2tezds DC period measured from the force tracings. The leg length,
of age. The subjects were divided into six age groups defindgeg, was measured as the distance from the ground to the
as follows: the 3—4-year-old group included subjected@s to  greater trochanter as the subjects stood vertically. The limb
<5years old; the 5—6-year-old group included subjegtseis angle (measured in radians) was calculated as:
to <7years old, etc. The subjects are the same as those usec

Materials and methods

) o - _ O Lstep O
a simultaneous study on running; the mean characteristics Limb angle = 2 - arcsif il 1)
each age group are given in tablef Schepens et al. (2001). [12 -Lieg O

Informed written consent of the subjects and/or their parents
was obtained. The experiments involved no discomfort, were cajculation of the positive muscular work done by one leg
performed according to the Declaration of Helsinki and were against the other during double contafint,dc
approved by the local ethics committee. All of the subjects
wore swimming suits and gym shoes. They were asked to wa&
across a force platform at different speeds.

The mean speed) was measured by two photocells placed
at the level of the neck and set 1.5-#.@part depending upon

The positive muscular work done by one leg against the
her during DC is calculated in a three-step process: (1)
measure all the work done by each leg onG (including

passive work and external work); (2) subtract any work that

may have been done passively, i.e. work that did not have to

tk|1e speedf. (I)nlrchlagzgrmﬁf)l, tf:e datatwere gattherteq Ilnto SPEEYone by muscular force; and (3) subtract the external work,
classes of 0.1t s (0.5km h™). In most cases, two trials per Wext. The remaining work is equal to the positive muscular

subject were recorded in each speed class. A total of 895 steps,, jone by one leg against the other during double contact,
were analysed. Wint dc.

Force platform measurements

] ) Step 1Measure all the work done by each leg on the COM
The mechanical energy changes of @M due to its

o . . . This requires measuring the individual limb ground reaction
motion in the sagittal plane during a walking step werg,

: i ; rces, having each foot on a separate force plate. The work
determined from the vertical and horizontal components of thgurves shown in FiglB are calculated independently for the
ground reaction forces (Cavagna, 1975). The work Necessa¥ i and the front limb as:
to sustain the lateral movements of @@M in adults is small
(Tesio et al., 1998) and was neglected. t2 2

The ground reaction force was measured by means of a for Wk back= [J(Frpack Vi) - Wy pack=[J(Fv,back- Vv) - dk
platform (6m long and 0.4n wide) mounted at floor level t 1 2)
25m from the beginning of a path 40 long. The force 2 2
platform was made of 10 separate plates, similar to thos W front = [(Ffront - V) - ab - We front = J (Fyfront- V) - ot
described by Heglund (1981). The plates were sensitive t t t
forces in the fore-aft and vertical directions and had a naturatheretl andt2 are, respectively, the beginning and end of a
frequency of 18z and a linear response to within 1% of thecomplete step,Fiback Fffront, Fv,back and Fyfront are the
measured value for forces up to 3000The difference in the forward and vertical components of the ground reaction force
electrical signal to a given force applied at different points omcting upon the back and front leg, avid and Vy are the
the surface of the 10 plates was less than 1%. The crosstdtitward and vertical instantaneous velocities of @@M.
between the vertical and forward axis was less than 1% of th# pack Wu,back Wk front and WA, front are the work done on the
applied force. The individual signals of the 10 plates wer€€OM as a function of time resulting from the forward and
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vertical components of the forces acting upon the back arahd incorrectly counted as positive muscular work unless it is
front leg, respectively. subtracted.

The first opportunity is during the beginning of DC when
Step 2Subtract any work that may have been done passivelythe COMis ‘falling down’ off the back leg due to gravity (this

Since the purpose of these measurements is to determine theseen as the decrease inecurve at the beginning of DC
muscular work done, any part of the work that is doneshown in FiglB), passively pivoting around the point of
passively, without the need of muscular intervention, shouldontact of the back leg as the compliant front leg starts to take
be excluded. For example, the external work (discussed in thup the load. The curvilinear trajectory of the falli@PM
next section) during walking involves a well-known pendularinvolves both tangential and normal accelerations, which can
energy transfer between the kinefit {) and potential energy be decomposed into vertical and horizontal components. The
(Ep + Exy) of the COM. It is generally accepted that the horizontal component of the acceleration of @@M must
positive muscular work done will be overestimated if th~
pendular energy transfer is not allowed. Part of this pendi A
transfer takes place during DC. Logically, if one allows tl
transfer of energy in the external work calculations (t
pendulum mechanism), one must allow similar energy tran:
in the Wint,dc calculations; the phenomenon is the same, o
the method of measurement has changed.

In order to allow pendular energy transfers in gt dc
calculations while disallowing any non-pendular transfers (i
the work done by one leg against the other), the work done
the COM in the vertical direction\f4) must be allowed to
exchange with the work done on tB®M in the horizontal
direction by each of the leg¥/ back and Wk front). TO Obtain
Wy, Wy backandW front can be summed with no loss or transfi
of work because both legs are simultaneously doing posi
or negative work, depending upon the vertical displacemen
the COM and the fact thaFypack and Fyfront are always
positive. In contrast t¥W,backand Wy front, Wk back and W front
cannot be summed without allowing non-pendular transfe
i.e. Wk pack and W front have to be treated separately.

Work transfers betweey, andW packand betweel\y, and
W front Occur during DC. A close examination of Figshows
two opportunities where positive work may be done passiv

Fig. 1. Methods.(A) Ground reaction forcesF( measured in N),
velocity (V; ms), displacement § cm), energy of forward
movement Ex; J), energy of vertical motiorEg+Exy; J) and total
mechanical energy Eéx=Ex+Ep+Eky; J) of the centre of mass
(COM) during a walking step. Vertical and forward components arLB
indicated by the subscripts v and f, respectively. Bold continuous
lines represent the back leg; broken lines represent the front leg, and
thin continuous lines represent the sum of both legs. Back and front
legs are indicated by the subscripts back and front, respectively. 19 \]{
Increments of each energy curve are, respectively, A*Ey (a+b) ‘ 3
andWext (ctd), representing the positive work done by the muscles =  £ocmmcmcccccaaaaa >~ 2 W front
to increase the level of each energy curve. The work done to : EWV'baCk
maintain the motion of thEOM is Wext. (B) Work curves for each ‘

\ W back

S
e VVf,front

leg independentiyWi front, W back W front andWo pac) and curvei ‘ - Wy

(sum of WA front @and Wy back) during a step. Work curves are also 100ms ‘

presented during the double contact (DC) ph&¥gcicWepack +  ..ocomemmmm 7T -
‘transfer fromW,’ (see equatio); Wiront=Wk front + ‘transfer from Wi ™ Z:ng;m-t ~- Whack

W, (see equatiod); Weom=WhacktWiront. The work done by one

leg against the other during DCA'Wntd is equal to

(A" WhackrA Whron)-A"Weom  (see  Materials  and  methods; 5 ;
equations). Data are from a 10.5-year-old boy walking at Tr8@1.

The step duration is 0.485and DC lasts for 0.1¢l DC is delimited (I
by the vertical dotted lines. 20ms Weom=Whack+Wront

A Whack
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result from a horizontal component of the force acting at thenuscular work done by each leg in order to count only the
pivot. Part of this horizontal component of the force is derivedvork that is not already measured by Y.
passively from the acceleration of gravity and results in a The external work method uses the resultant of the ground
forward acceleration of theOM. In other words, the passive reaction forces acting on both limbs (i.e. the vertical forces and,
displacement of theCOM accelerating downwards and separately, the horizontal forces from all of the force plates
accelerating forwards under the influence of gravity wouldvere summed), resulting in the mechanical cancellation of
result in a passive horizontal component of the ground reacti@imultaneous positive and negative work performed by the
force applied on the back leg. This force multiplied by thdimbs during double support periods.
forward displacement of tHeOM results in a passive increase  The principle of the method to measwéx: and the
in Wk pack (this is part of the increase in tié packcurve at the procedures followed to compute the velocity in the forward and
beginning of the DC shown in FigB). vertical directions, the vertical displacement, the changes in

Thus, the positive work done by the horizontal componengravitational potential energy and the changes in kinetic energy
of the ground reaction force acting on the back leg during thef the COM from the platform signals have been described in
first part of DC (the increase in the pack curve during DC  detail by Cavagna (1975) and by Willems et al. (1995) and are
shown in FiglB) should be reduced by the amount ofonly briefly described here. Provided that air resistance is
simultaneous negative work resulting from the vertical forcesegligible, the acceleration of M in the forward &) and
(the decrease in th&), curve during DC shown in FigB), as  vertical @) directions can be calculated by:
indicated by the upward arrow in the figure. The resulting
curve, Whack is the net muscular work done by the back leg Fi Fv—-P
during DC: a=_ and ay= ' ()

m m

Whack= VVf,back— M/\llDEC , (3)

where DEC indicates that the second term is subtracted on\f&here Fr andFv are the forward and vertical componerjts of
: ) the ground reaction force measured by the force platf@ris,
whenW is decreasing.

. ._body weight andn is body mass. The acceleraticmsaanday
The second opportunity for pendular transfer occurs durin . . )
o ! ere integrated numerically by the trapezoidal method to
the latter part of DC when th@OM starts to ‘ride up’ onto . .
: o ) etermine the forward/) and vertical {v) components of the
the front leg, passively pivoting around the point of contac

o . . velocity of the COM plus an integration constant. In the
of the front leg (this is seen as the increase inheurve forward direction, the integration constant was calculated on
at the end of DC shown in FiB) as the kinetic energy of . 9

S . . the assumption that during the measurement period the mean
forward motion is converted into potential energy. As before
. . Speed of theCOM was equal to the mean speed of the neck,
the curvilinear trajectory of th€OM can be decomposed . L :
as measured by the photocells. In the vertical direction, since

into a forward deceleration and vertical acceleration of th ; . . )
. . the subject was walking on the level, the integration constant
COM. Part of the vertical component of the ground reaction .
as set to zero over an integral number of steps on the

force is derived passively from the forward deceleration Cﬁzilvssum tion that the mean vertical speed was nil. The vertical
the COM. This vertical force multiplied by the vertical P P )

displacement of th€OM results in a passive increaseVify displacement%,) of the COM was computed by numerical

. . . integration ofVy (see Figl1A).
'(:tihge iréc;rease in the, curve at the end of the DC shown in The kinetic energy of th€ OM due to its motion in the

The positive work done to raise t8®M during the second forward direction was calculated Bgr=(m-Vf)/2. The energy

part of double contact (the increase in urve during DC of the COM due to its vertical movement was calculated as
Wec =(m-0- \/2 i
shown in FiglB) should be reduced by the amount 0pr+Ek'V_(mgS’)+[(m Vi)/2], and the total mechanical energy

. . . Bex=(Ept+ +Ey 1.
simultaneous negative work done by the horizontal componeo{ theCOMwas _calculated x=(Ep+Eicy) +Eicr. The sum qf
. ; the increments ik 1, EptEx v andEext represents the positive
of the ground reaction forces acting on the front leg (the N o
X . - work done to accelerate tl®OM forward QA\*Ey), the positive
decrease in théron curve during DC shown in FidB), as 1 jone against gravity and to accelerateGiM upward
indicated by the downward arrow in the figure. The resultin g 9 Y P

curve. W is the net muscular work done by the front le %A*EV; at+b in Fig. 1A) and the positive work done to maintain
during} ng“’ y Ythe motion of theCOM in the sagittal planeWex; c+d in

_ Fig. 1A), respectively.

Whront = Wk front + Mhinc , “) As noted above, th&Vext method sums all the vertical
where INC indicates that the second term is only added whdorces and, separately, all the horizontal forces before
W, is increasing. performing the work calculations on the resultant forces

The net positive muscular work done by each leg is equal t@-ig. 1A), while theWint,dc method measures the vertical and
the sum of the increments in tiehack and Wiont curves,  horizontal force of each foot separately and performs the

respectively A*Whack and A*Wront. work calculations on the individual foot forces (FidR). The
two methods are closely related. In fact, the curve of
Step 3. Subtract the external work Fig. 1A is exactly equal to the sum of tké front plus Wk back

The external work is subtracted from the net positivecurves of FiglB. Similarly, theEp+Ek,v curve of Fig.1A is
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exactly equal to th&k curve, which is the sum of thé front  distance done by one leg against the othéMigdc and is
plus Wy backcurves of FiglB. And theEex: curve of Fig.lA  expressed in kgt mL

is exactly equal to the sum of tW& front+Wk backVWy frontt+

Wy back curves of FiglB. The sum of th&\back and Wiront

curves results in th&com curve, which is exactly equal to Results _
the classic external energek: curve in Fig.1A) during the The double contact phase as a function of speed and age
period of double contact. At low walking speeds in both children and adults, the DC

The positive muscular work realised by one leg against théuration is about 40% of the step period, and the horizontal
other during double contacdh{Wintd) is therefore equal to:  component of the ground reaction force applied on each leg is
+ A . + small. For instance, the force of the back leg pushing forward
A" Wint.do = (A" Whack + A" Whront) — A"Weom, ©) (F back is @ maximum of only 18 for an 18kg 3—4-year-old
whereA*WhackandA*Whront are the positive increments of the child and 77N for a 65kg adult (Fig.2). As speed increases,
WhackandWrront curves, and\*Weom is the positive increment the DC becomes a smaller fraction of the step period (see also
of the Weom curve (Fig.1B). The mass-specific work per unit Cavagna et al., 1983), and the ground reaction forces increase.
At high walking speeds, the DC
reduces to about 12% of the step
Child Adult period with a pealt pack of 55N
072mst 5 084mst in the 3-4-year-old children, as
. 125 [ PO . 7100 compared with 19% of the step
‘ period with a peaks packof 230N
in the adults (Figg, 3); i.e. the DC
duration decreases 2-3-fold while
the pealit back increases ~3-fold.
The timing of the peals pack
force (indicated by the arrows in
0 Fig.2) also changes with speed
and age. At slow and intermediate
speeds, the pealFfpack OcCCurs
during the first part of DC in both
children and adults. At high
walking speeds in adults, the peak
Ff backoccurs before the DC period
starts, while it remains within the
DC period for the youngest
children.
At all ages Lstepincreases with

N
1

Forward

-100

Force(N)

800

Acceleration(m s2) >
Vertical

w
Forward
Force(N)

Acceleration(m s

Vertical

Fig.2. Typical accelerations (8719
and ground reaction forces (N) in the
forward ) and vertical [v)
direction during a step at a low (A),
intermediate (B) and fast (C) speed in
a young child (left column) and an
adult (right column). The double
contact (DC) phase is delimited by the
vertical dotted lines. Arrows indicate
the peak of the forward ground
reaction force on the back leg (peak
Fipack. Left column: a 4.9-year-old
female, mass of 17.%4g, leg length
of 0.535m, walking at 0.72ns7,
1.21ms?! and 1.56ans? (A to C).
Right column: a 20.2-year-old male,
mass of 64.98g, leg length of
0.912m, walking at 0.84ns7,
1.37ms?! and 2.58ns1 (A to C).
Other indications are as in Fify.

@)
Forward
o N I

{
N

Acceleration(m s?)
8 L
Force(N)

Vertical
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Fig. 3. Description of the double contact (DC) phase as a function of speed and age. (A) In each age group, the digepglengésred in
metres) and the forward displacement of the centre of mass taking place at each step when both feet contact the grpang given as a
function of the walking speetdc was calculated as the mean forward speed during DC multiplied by the fraction of the step during which both
feet contact the ground. (B) The angle of contact with the ground during a step was computegkframd the leg length as shown in the
Materials and methods. (C) The relative importance of R@L(step is shown as a function of the walking speed. The symbols represent mean
values of data grouped into the following intervals along the abscissam®28&o <0.42ms?, 0.42ms?to <0.56ms™..25ms? to

<2.64m s Nis from low to high speed classes for 3e4rs: 2,1, 7, 8, 6, 13,7, 9, 7, 2, 3; for yeérs: 4, 3,11, 7, 13, 10, 9, 18, 18, 12, 2, 1;

for 7-8years: 1, 4, 1, 9, 14, 8, 16, 20, 10, 13, 10, 13, 2, 10, 5, 3, 1, fory@ald 3, 9, 16, 22, 19, 23, 19, 12, 12, 11, 17, 10, 8, 3, 3 and for
11-12years: 1, 4,5, 6, 8, 13, 18, 18, 12, 13, 19, 14, 16, 8, 6, 3. Bars indicatsm. thicthe mean are drawn when they exceed the size of the
symbol. The broken lines indicate the adult trend.

increasing walking speed. At a given speed, children youngeéo the LgdLstep ratio by: B=[(LsteptLdc)/2Lsted=0.5[1+

than 11 have a smallésiepthan adults, in spite of a larger (LddLstep].

limb angle (Fig.3A,B). The limb angle increases with speed

in children and adults, from 0.38d at slow speed to 1.2ad The work done by one leg against the other dubiay

at high speed. Wint,dc represents the work done by one leg against the
At slow and intermediate speeds, the forward displacemeiwther during DC. ThéM\int,dc normalised to body mass and

of the COM during double contactlLfc) is independent of distance travelled &gt m~1) shows an invertetd shape as

speed for all subjects. At the maximal spekg;, shows a a function of walking speed, with a maximum at intermediate

tendency to decrease in all age groups. The relativgpeeds for all ages (FigA). For comparison, thé/ext curve

importance of DC l{gJ/Lstep decreases with speed for eachtends to a minimum at intermediate speeds @Ag.see also

age group (from 0.4 to 0.1), although young children shovig. 4 in Cavagna et al., 1983). TNént,dd/Wext ratio shows

a slight tendency to have an overall smaller valuen inverted U shape with speed (FigB), attaining a

compared with adults (see FBC). Note that the duty factor maximum value of around 0.4 for all ages (except the 3—4-

B, the fraction of stride duration for which a particular footyear-old children, who seem to have a higher maximum

is on the ground (Alexander and Jayes, 1978), is relatedhlue).
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Fig. 4. (A) The mass-specific work per distan@én{dc; Jkg~2 m; filled circles) done by one leg against the other during the double contact
(DC) phase and the mass-specific external work per distaege Jkg~L m~1; open circles) done to maintain the centre of m@&\M) motion

in the sagittal plan are given for each age group as a function of the walking speed. (B) TWg/&fWext is given for each age group as a
function of speed in the lower panels. Other indications are as i8.Fig.

Discussion between potential and kinetic energy of ®@M, as pointed

During the DC phase of walking, the back leg performsout by Alexander). The classical method of measuwifg,
almost exclusively positive work while at the same time theriginally conceived by Fenn (1930) and developed into an
front leg performs almost exclusively negative work; each leg@asy to use tool by Cavagna (1975), precisely measures only
is working against the other. This work is ignored by the classithe work done to accelerate and/or lift B®M and some of
Wext and Wintk measurements (Cavagna et al., 1963, 1983he work done on the environment (esgnd; Lejeune et al.,
Cavagna, 1975; Cavagna and Kaneko, 1977; Willems et all998). In addition, the classical method of measuWig k
1995), yet it can amount to a significant fraction of the externglCavagna and Kaneko, 1977; Willems et al., 1995) measures

work done during walking, for example see Hg. only the work done to accelerate the body segments relative to
_ _ _ the COM, although all muscular work other théfx: or work
Relation to previous studies done on the environment should be classified W k

In 1980, Alexander showed that the classic method (‘energyincluding Wint,dc). Neither of the classi@Vext nor the Wint k
method) of calculating the net work performed during walkingmethods can be expected to meas\redc. Similarly, neither
the sum of the increases in mechanical energy of the body, dide energy nor the work methods, nor a combination of the two,
not measure the work done by one leg against the other duriage able to measure all of the muscular work done during
DC (Alexander, 1980) and therefore makes an error in deficitocomotion; for example, the positive and negative work done
On the other hand, the ‘hybrid energy/work’ method used bpy different muscles in the same leg cannot be measured by
Alexander and Jayes (1978) measured work as the producttbese methods (Alexander, 1980).
a force multiplied by a displacement when the angle between The work done by one leg against the other has been
them was 90° and therefore makes an error in excess. In ordestimated in adults using a method that explicitly does not
to avoid these errors, Alexander subsequently developedadlow any transfer of work from one leg to the other, although
many-legged model where the work done by the muscles wés implicitly does allow transfers within each leg: the
calculated separately for each leg (Alexander, 1980). ‘individual limb method’ of Donelan et al. (2002a). These

The method used here to calculate the work done by one legithors state that work by one leg cannot be transferred to the
against the otheNnt,dc) is in complete agreement with the other leg because there are no muscles that cross from one leg
latter analysis presented by Alexander (1980). However, we do the other. This, however, would not seem to be the case. In
not agree that the ‘energy’ method is at fault because it dogeneral, if two actuators are attached to the same mass, not
not measure every case of simultaneous positive and negatioely can both actuators do work on the mass but they can also
work; in particular, because it does not measureWhede  do work on each other provided they are not maintained in an
(although it does correctly measure the pendulum-like transfexxactly 90° orientation to each other. In this case, the actuators



2974 G. J. Bastien, N. C. Heglund and B. Schepens

12 34 yeas 5-6yeas 7-8yeas 9-10yeas 11-12yeas
¥ . . . o ity
g = TTTT ooqt ”T T TTTT‘? ! T??,
L2 o Mtgr 1. AL A Tt o Mo
s & Te=. ? TI TT LR e
&3 ' 1

5 . !
-1.2
0 1 2 0 1 2 0 1 2 0 1 2 0 1 2 3

Mean forward speed (m s72)

Fig. 5. The phase angle between the peak in the forward push (peakFipdheeurve) and the beginning of the double contact (DC) phase is
shown as a function of walking speed for the different age groups. The phase angle (rad) is calcutidlasvPereAt is the difference
between the time at whidf packis maximal and the beginning of DC, ahds the duration of the step. A positive value means that Baakk

occurs during DC; a negative value means that peadek occurs during the single contact phase preceding the DC phase. Other indications as
in Fig. 3.

are the legs and the mass is @@M; two specific examples s.p., N=231) greater work done during DC than the sum of
of energy transfers that would be incorrectly disallowed by th&Vintdc plus the Wext done during DC (~10% greater at
individual limb method are given in the Materials andintermediate speeds, increasing to ~20% at low or high
methods. speeds). Subsequent studies that have used the individual
The basis for all these work measurements isVhgack limb method have incurred the same errors (Donelan et al.,
W front, VW, backand W front curves, which are derived from the 2002b; Griffin et al., 2003).
vertical and fore-aft components of the ground reaction forces In contrast to the individual limb method\Nintdc is
exerted by each leg on tR®OM, as shown in Fidl. If the four  calculated by first summing théA back and WA, front Curves
curves are summed instant-by-instant and then the incremeritstant-by-instant to obtain th, curve (Fig.1). Next, theAy
in the resulting curve are added up, we obtain the classicalirve is summed instant-by-instant with either gack or
external workWext. The instant-by-instant summation of the the W front curves to obtain th&\back and Wront curves, as
curves allows decrements in one curve to cancel simultaneodstailed in the Materials and methods. This summation allows
increments in another curve. In other wordéy: allows all  all pendular energy transfers between the vertical work of the
energy transfers, in particular the well-known pendulaiCOM and the fraction of the forward work on tl®M that
transfers that characterise the walking gait. can be attributed to each of the legs while avoiding any
Alternatively, if the Wipack and theW,y pack curves, and cancellation of the work done on one leg due to the horizontal
similarly the W front and the W, front curves, are summed push of the other. Finally, the increments in Wigck and
instant-by-instant and then the increments in the two resulting#ront curves are added up and the external WoM/com is
curves are added up, we obtain the individual limb methodubtracted to obtaiWint,dc.
work. This method only allows energy transfers within a limb  Wint,dc includes only work that is not measuredVés: nor
and excludes any energy transfers between the limbas the ‘classicalVintk. ConsequentiWVint,dc can be directly
Furthermore, this work contains both external work (the worlkcompared with the last ~&@ars of measurements Bfext
to lift and accelerate th€EOM) and internal work done by and Wintk in humans and, with caution, may be simply
one leg against the other during DC (unfortunately, this worlsummed withWext and Wintk to obtain a measure of total
is incorrectly, and very confusingly, called ‘external work’ work (acknowledging, of course, the caveats mentioned in
by Donelan et al.), although it calculates neither one exactlghe Introduction). The lateral forces were not measured in
Part of the passive pendular energy transfer taking pladais study, and the work done by one leg against the other
during DC is excluded by disallowing transfers from one legluring DC in the lateral direction was ignored. This lateral
to the other, resulting in an external work component that i8Vint,dc work is a fraction of the lateral component of the
too large. Likewise, part of the energy that is transferred fronvork as measured by the individual limb method, and the
one leg to the otheria the energy of th€OM during DC, whole of the lateral component is described as ‘small’ in
as is detailed in the Materials and methods (seadults by Donelan et al. (2002a). The effect of age on the
equations3, 4), is excluded as well, resulting in a work donelateral Wint,dc has never been measured and is unknown but
by one leg on the other that is too large. When the individualan be presumed to be small since, by the ageyefars,
limb method is applied to our adult data, we obtain the samehildren have a lateral displacement of tEOM not
results over the limited speed range (0.7582 91 studied  significantly different from that of adults (Lefebvre et al.,
by Donelan et al. (2002a). However, since fewer energy2002).
saving work transfers are allowed, over the entire speed range
studied in adults (0.49-2.64sY) the individual limb Wintdc as a function of speed and age
method results in a mean of 0.031+0.91& m~1 (mean * The A*Wint,dc can only occur when one leg is doing positive
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work and the other is simultaneously doing negative work, ais highly dependent upon work transfers to/from ‘eand

shown by simultaneous increases and decreases WWmthe

upon the relative timing of the horizontal forces. All positive

andWkront curves (FiglB). However, the shape of these curveswork done by either leg during DC, after taking into account

W back

TTee-l W front
> w,
\/ Wcom

VVmEdCﬁ -==== == A*Wintdc (¥2.5)

Wk bad
Wf,front
W } 0.1Jkg™?
Whad
_ Wrront
AYW nt,dc (X2.5)
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-_\ \Ml
Whad
Wint dc Y Whront
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100ms

Fig. 6. The components &int,dc (W front, Wk back Wy, Whack Wkront

any passive work done, results in eitdWeom or A*Wint,dc
(equation).

The effect of horizontal force timing

In adults and children at slow and intermediate walking
speeds, the peak in tl@pack curve occurs at about 20-40%
of the way through DC (Fi@®). With increasing speed, this
peak shifts towards the beginning of the DC period, until at the
highest walking speeds the peak often occurs during the single
contact phase preceding DC (negative phase angle values in
Fig.5). The push performed by the back foot before the DC
period is an additional means of increasing the step length
independent of an increase in the limb angle as speed increases.
This progressive shift in phase angle is observed in all age
groups except the youngest children, who always have the
Ff backpeak within the DC period (see 3—4-year-old children in
Fig. 5). At high walking speeds, by the time of mid-DC, when
the horizontal velocity is maximal, thepackhas already fallen
to about half its peak value, thereby reducing the work that one
leg could perform against the other and thus redudingdc.

The negative phase angle of thH&pack peak occurs
simultaneously with, and is related to, the lifting of the heel of
the back foot before the front leg contacts the ground at high
walking speeds; the resulting reduction in the further
reducesWintdc at these speeds. This phase angle does not
become negative in the youngest children, but nevertheless
their Wint,dc still goes down to zero, suggesting that this shift
in phase angle alone cannot explain W dc decrease at the
highest speeds.

The change in the timing of th& pack peak during the step,
especially whether it occurs during or before DC, affects the
amount of work done by one leg against the other. The work
done during the forward push of the back foot to accelerate the
COM forward during the single contact phase is counted
entirely asWext and is needed to maintain the forward speed
of the body. On the other hand, the same work done to
accelerate th€OM forward during DC is counted as either
Wext or Wintde, the latter representing energy lost from the
system.

The effect of passive work transfers
At low walking speeds, the mass-specific work done by one
leg against the othefN™Wintdc (Jkg™), is minimised in both
children and adults because there is almost no simultaneous

andWeom; in Jkg™1) are presented as a function of time during doublgncrease and decrease Whack and Wiront (Fig. 6). This is a

contact (DC) for a slow speed step at (@4 (A), a medium speed
step at 1.3 s (B) and a high speed step at 21681 (C). The
Wint,dc curve is obtained by subtracting instant-by-instant the positiv
increments iNNcom from the positive increments Mhback and Wiront

consequence of the flattening of M&ack and Wront curves
due to passive work transfers betweélhack or W front and

W (see arrows on the low speed traces of &A). In

(see Materials and method®)*Wint,qc is the total increment in the par_tiCUIar' theWront curve becomes aImOSt completely flat
Winidc curve (fine broken line) and is the work done by one legduring the latter part of DC as the body rides up onto the front

against the other during DC. Note that the scale of\thgic curve is

leg, minimising any possibility oA*Wint,dc. Nearly all the

2.5 times that of the other curves. Other indications are as if.Fig. positive work done during DC results &Weom (external

Data are from a 20.2-year-old 64§ male subject.

work done during DC) rather than &tWint dc.
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12 A ‘ work available to perfornd\*Wintde. In addition, the work
: transfer has the effect of limiting the increase in Wigck
curve to earlier in the DC period, reducing the time during
S ‘; whichWhackincreases andfront Simultaneously decreases and
o @é‘& ' o reducing the opportunity to perforfa"Wint,dc. The net result
%@% °%e . is thatA*Wint,dc approaches zero at the highest walking speeds
I .7 S in all age groups (Figt).

v oo, ° isation usi
VY e Normalisation using the Froude number

N Wint,dc normalised for body mass and distance travelled
© shows an invertedl shape with speed and maximum value
& independent of age; however, the speed range and the speed at
which the maximum value is attained clearly change with age
(Fig. 4A). When comparing subjects of different size, it is often
B ! useful to normalise the speed based on the assumption that the
2 subjects move in a dynamically similar manner, i.e. assuming
all lengths, times and forces scale by the same factors

1 (Alexander, 1989). In a situation where inertia and gravity are
.4\;@0 5‘ of primary importance, such as in walking, expressing the

& speed by the dimensionless Froude number is appropriate:

Ere
@

Peak F,back phase angle (rad)
o

|
o =
N N

N .<> Oei Froude number ¥7/(g-h), @)

~ where \t is the mean walking speed in s, g is the
‘ acceleration of gravity in te2, andh is a characteristic length,
iy ] 1 S typically the leg length in metres. If the assumption of dynamic
¥ e &2 © similarity is justified, then the differences due to a change in
0 05 1 size should disappear.
Froude number The peakFtpack phase angle and the mass-spedifig: dc

_ _ per unit distance are shown as a function of Froude number in
Fig. 7. (A) The phase angle (rad) between the peak in the forwargi, 7. i can pe seen that the differences observed between

push of the back leg (pedkback and the beginning of the double = ! .
contact phase is presented as a function of the walking spe&!ﬂ”dren and adults for the most part disappear, with the

expressed as a Froude number. Each age group is presented vﬁfﬂseption.of the yo_unges_t age 9f°“p- Therefore, despite the
a different symbol (filled circles, 3-years; squares, 5y@ars: changes in body dimensions with age, the Froude number

diamonds, 7-§ears; triangles, 9-Xkars; inverted triangles, indicates that people abovey®&ars of age walk in a
11-12years). (B) The mass-specific work per distance done by ondynamically similar way. Dynamic similarity has been
leg against the otheWnta; Jkg~t m1) is presented as a function of demonstrated in several previous studies involving various
the Froude number for all age groups. The broken lines show thether walking parameters as a function of size (Cavagna et al.,
adult trends. 1983; DeJaeger et al., 2001; Minetti, 2001).
The phase angle of th& back peak decreases as a function
of Froude number for all subjects (FigA), attaining negative

At intermediate walking speed&fWintdc is at a maximum values at speeds greater than Froude 0.5, except in the
in both children and adults. The amplitude of Wigackand  youngest subjects. A Froude speed of 0.5 is approximately the
Wk front Curves is much greater than at low speeds, while thepeed at which people and animals spontaneously change
amplitude of theW, curve remains relatively unchanged. from a walk to a run or trot, as shown for differently sized
Consequently, although the passive work transfers betweaubjects, i.e. children (Cavagna et al., 1983), for males and
Wi pack O Wk front and W, are similar (see arrows on the mid- females (Herljac, 1995), for pygmies (Minetti et al., 1994), for
speed curves of Fi$B), the resulting changes in tigackand  short stature growth-hormone-deficiency patients (Minetti et
Whont curves are large and of opposite sign at the intermediatd., 2000) and for different species (Alexander, 1989).
walking speeds. Consequently thA*™Windc is large, Although it is possible to walk at Froude speeds up to 1.0
approximately equal tA*Weom. (Fig. 7), higher speeds require a different gait. Theoretically,

At high walking speed@Y*Wint,dc again becomes reduced in this is because at a Froude speed of 1.0 the centrifugal force
both children and adults. In this case, & decreases as the subject rotates on a rigid leg over the amklg?(h)
throughout the DC period (as the body is falling down) whilebecomes equal to the gravitational foreeg) holding the
the Wi pack increases. Consequently, the amplitud&Vpickis  subject in contact with the ground, and the subject starts to
greatly reduced due to the work transfer fidknto Wrpack(See  have an aerial phase.
arrow on the high speed curves of @), decreasing the  The mass-specifidNVint,ac done per unit distance also

Wint,dc (J kg’l m_l)
o
e
<
°
0
>
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appears to be independent of size when expressed asvVa
function of Froude speed (FigB). The ‘optimal’ walking

speed, in terms of maximum % recovery (a measure of thé&back
relative quantity of energy saved by the pendulum
mechanism of walking), minimuM/extand minimum energy  Wext
consumption, occurs at a Froude speed of about 0.2-0.3

in children and adults (Cavagna et al., 1983; DeJaeger et

al., 2001; Willems et al., 1995). Notably, at this speed, th&V back
energy consumption is minimal despite the fact that the
Wint,dc is maximal (Fig.7B). This is likely becaus&Vint dc
is, at most, only 40% oWext, despite the fact thalext is
at its minimum at this speed (Froude 0.2—0.8Yintdc
represents a futile work, energy lost from the system for no
gain; presumably, if there were nW@intidc the energy  Wiront
consumption would be even less. The mere fact\Matdc

is a maximum at about the same speed that the enerii¥intdc
consumption is a minimum shows th&fdc is not a major
determinant of the energy cost of walking in humansWintk
Nevertheless, the previously reported peak efficiency,
measured in adults but not taking into accoMéhtdac W
(Willems et al., 1995), was underestimated by about 10%M, back
The effect of Wint,ac on the total work and efficiency of
children remains to be seen.

Wf,front

VVv,front
List of symbols
a acceleration of the centre of mass in the forward
direction
av acceleration of the centre of mass in the vertical
direction
B fraction of stride duration for which a particular

foot is on the ground

vertical instantaneous velocity of the centre of
mass

net muscular work done by the back leg during
double contact

external work performed to raise and accelerate
the centre of mass of the body relative to the
surroundings

work done on th€OM as a function of time
resulting from the forward component of the
forces acting upon the back leg

work done on th€OM as a function of time
resulting from the forward component of the
forces acting upon the front leg

net muscular work done by the front leg during
double contact

work done by one leg against the other during
double contact

internal work performed to accelerate the body
segments relative to the centre of mass

sum of Wy, back and Wy front

work done on th€OM as a function of time
resulting from the vertical component of the
forces acting upon the back leg

work done on th€OM as a function of time
resulting from the vertical component of the
forces acting upon the front leg
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