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Summary

Mechanical energy expenditure was investigated in
children who are just learning to walk and compared with
adult mechanical energy expenditure during walking.
First, we determined whether the inverted pendulum (IP)
mechanism of energy exchange was present in toddlers. It
seems that new walkers partially make use of this energy
saving mechanism, but it is less efficient than in adults.
The reduced recovery valuesR=40% at optimal speeds in
toddlers compared to 70% in adults) can be explained by
their low self-selected walking speed in combination with
their tossing gait (large vertical oscillations of the body)
and by the observation that during as much as 25-50% of
the gait cycle kinetic and potential energy are oscillating
in-phase.

The second step was to calculate positive external
mechanical work Wext). Since the IP mechanism is less
efficient in toddlers, more mass-specific positive work has
to be performed to lift and accelerate the centre of mass
than in adults walking at the same speed, even when
differences in body size are taken into account.

The amount of positive internal work Wintk) necessary
to move the body segments relative to the centre of mass
was the third parameter we calculated. In toddlersWint k
is largely determined by the kinetic energy of the lower
limb. Compared to adults, toddlers have to perform less

mass-specific work per unit distance to accelerate the body
segments since the upper body is kept relatively stiff
during walking and there is no arm swing.

Apart from work performed on the centre of mass and
work performed to move the body segments relative to
the centre of mass, when walking some work is also
performed during double contact as both legs are pushing
against each other. Two methods were used to calculate
this amount of work, both leading to the same conclusions.
Mass-specific work during double contact is small in
toddlers compared to adults because of their low walking
speed.

Finally the total amount of mechanical work performed
in toddlers was compared to the work production
observed in adults. Wext seems to be the major
determinant for total mechanical energy expenditure.
At intermediate froude numbers work production is
comparable between adults and toddlers, but at low and
high froude numbers Wiot increases due to the steep
increases inWext. Despite the fact that mechanical work
requirements in toddler gait are underestimated if work
during double contact is not taken into account, it is not a
major determinant of the energy cost of walking.

Key words: toddler, gait, energetics, inverted pendulum, stability.

Introduction

During walking metabolic energy is consumed, even if thel0 years ago. The IP is characterized by an out-of-phase
average walking speed is constant and there is no net charmggillation of potential Ep) and kinetic energyEg) allowing

in height of the body. Energy is lost at each step and has to baergy exchange to occur. At preferred walking speed, as much
put into the system again. The total amount of positiveas 70% of the required external mechanical energy can be
muscle—tendon work that has to be performed can be dividedcovered due to this energy saving mechanism (Cavagna et
into two categories: external work and internal work. al., 1977). The other 30% of external mechanical energy is lost
External work Wex) is the amount of work performed to lift from the system and must be supplied by the muscles.

and accelerate the centre of mass. To minirifizg adults Internal work comprises all the work performed by the
make use of an imperfect inverted pendulum (IP) mechanismuscles and tendons that does not directly lead to a
of energy exchange (Fi@), which was first formulated by displacement of the centre of mass. In the past only the work
Cavagna and others (Cavagna et al., 1963, 1966, 1976) overcessary to accelerate the body segments relative to the centre
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Medchanical energy fluctuations mechanical work is expressed as a function of the

10 55 dimensionless froude number that takes into account the
differences in body proportions (Schepens et al., 2004). This

5. 50 suggests it is the small stature of children that makes them

consume more energy than adults when walking at a given
| 45 speed. In other words, children above the age of 3 years are
LA l dynamically similar to adults, at least with respect to the
energetics of walking.

Is this also the case in toddlers who are just learning to walk?
They are even smaller and show markedly different body
0 20 40 60 80 10035 proportions compared to adults. Balance problems and
immature control of movement are compromising factors that

Ep (9)
o
>

Ex (J9)

% Gait cycle

—k Ex make their gait pattern different from mature walking. Previous
v R studies on infant walking have revealed differences between

ﬁ R j adults and toddlers in the spatio—temporal gait parameters,

A \ joint kinematics and ground reaction force patterns (e.g.

HC OTO OHC TO Statham and Murray, 1971; Burnett and Johnson, 1971; Endo

and Kimura, 1972; Sutherland et al., 1980; Grimshaw et al.,
b?.998). Considering the toddler as a mechanical system, the

support. The IP mechanism, as observed in adult gait, shows an ogigserved kinematic and klnetlc. differences could result in
of-phase oscillation of kinetic and potential energy, allowing energﬁ'ﬁerent.energy_and power requirements of the system. '
exchange to occur fro, to Ex and partially fromE to Ep. Though The aim of this paper is to find out whether toddlers differ

70% of the required mechanical energy can be recovered due to tfiif@m adults in mechanical energy production. The amount of
energy saving mechanism, 30% of energy is lost and must be rexternal and internal work was calculated and evaluated over
supplied by the muscles. It is primarily used to redirect the centre & range of speeds. To find out whether toddlers make use of
mass from one pendular arc to the next. HC, heel contact; OT@he IP mechanisms of energy exchange the time profilEg of
opposite toe-off; OHC, opposite heel contact; TO, toe-off. andEx were considered and percentages of recovered energy
were calculated. We were also particularly interested in the
of mass (classical internal worklVntk) was measured. work performed during double contact, when the front and
Recently both Donelan et al. (2002; individual limbs methodpack limbs are working against each other. The double support
and Bastien et al. (2003Mint,d) developed a method to phase accounts for a substantial portion of the gait cycle. We
determine another component of internal work, the work doneanted to find out whether this prolonged phase of double
during double contact when both legs are working against eaclipport had an effect on the mechanical work requirements.
other. At this time the propulsive back leg has to overcome the
energy absorbed by the braking front leg to maintain a constant
walking speed.
Children aged between 3 and 11 years old consume more Study subjects
energy per unit body mass to walk at a given speed than doNine healthy children aged between 12 and 18 months
adults (Schepens et al., 2004). Both andWint k are larger  participated in this study. Their walking experience ranged
at speeds above 08s™1. Wint dcreaches a maximum at lower from 2 weeks to 6 months. Walking experience was defined as
speeds in younger subjects. However, differences betweehe time period between the onset of independent walking
adults and children above the age of 3 years disappear wh@bility to perform 2—3 consecutive steps) and the time of

Fig. 1. Adult Ep and Ex oscillations are plotted as a function of gait
cycle duration. The shaded area indicates the periods of dou

Materials and methods

Tablel. Detailed information about the study subjects

Age Walking experience Body mass Height Leg length Number
Child (months) Gender (weeks) (kg) (m) (m) of trials
T1 13.5 Female 2 11 0.73 0.31 5
T2 15 Female 6 8 0.74 0.29 4
T3 15.5 Male 11 10 0.74 0.32 1
T4 16.5 Female 11 13 0.76 0.33 4
T5 15.5 Male 13 11 0.76 0.28 5
T6 16.5 Female 14 9 0.76 0.30 5
T7 15.5 Male 15 12 0.77 0.34 5
T8 18.5 Male 22 12 0.80 0.31 2
T9 17 Female 27 11 0.80 0.32 1
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testing_. Detailed information on the study subjects c: LEHD left front head

found in Tablel. LBHD left back head
The ethical review board of the University of Antw | SHO left shoulder

approved the study protocol. Prior to participat LELB left elbow

parents gave their informed consent. All experim LWRI left wrist

were carried out according to the guidelines stated i  LASI  left spina iliaca ant.

; L LTHI  left thigh
Declaration of Helsinki. LKNE left knoe

Experimental set-up lI:EI\El;K ::2 gg'lj o

Data were collected at the HIKE campus of  LHEE left heel
department of Health Care (Hoger Instituut v LTOE left toe
Kinesitherapie en Ergotherapie, Hogeschool Antwer  RFHD  right front head
Belgium). The experimental set-up consisted of RBHD right back head
instrumented walkway (81x1.5m) surrounded by s E?Ij? ;:gm Zrbool‘\lllvder
infrared cameras (Mcam 460, 2B@; Vicon Motion g, right wrist
Systems, Oxford, UK). Two force platforms (AMTI, M ras|  right spina iliaca ant.
USA; 0.5mx0.4m, 25CHz) were built into the walkwe  RTHI  right thigh
to record ground reaction forces under the left and ~ RKNE right knee
foot separately. RTIB  right tibia

The Helen-Hayes marker set-up was used RANK rightankle
measuring full body kinematics (FiB). The retro E:_'gg ::gmthoeeel
reflective markers (1hm) were sewn on to a tight-fitti

suit to prevent problems with ‘marker plucking’ in yot  rjg 2. A modified Helen-Hayes marker set-up was used for measuring full

children. Foot markers were attached to socks or  pody kinematics. Markers were attached to a tight fitting suit since the

leather shoes. children did not tolerate sticking markers on their skin. Foot markers were
The children were encouraged to walk over attached to socks or soft leather shoes.

platform towards a parent or experimenter at self-sel

speeds. We tried to obtain five successful trials for

individual. A successful trial was defined as a trial for whichvertical ground reaction force during an entire gait cycle

ground reaction force measurements of both feet wer@eriod between two contacts of the same foot, expressed from

available during at least one complete stride and all markefsto 100% in Figl) by stride time, thus:

were visible throughout the trial. Sometimes the children

became tired and failed to cooperate further before a sufficient A= P/ Mo, (1)
number of trials could be obtained. The number of successful Ay = Fy I Mot (2
trials per individual is given in Table After performing the and Az = (F~9.81Mor) / Mot , (3)
calculations, the results from the different trials of each ) )

individual were averaged to prevent pseudo-replication. ~ Where €« Ay, A7) = 3-D linear accelerations of the COM,

In energetic analysis it is generally required that the averadex = latéral force componen, = fore—aft force component,
walking speed is fairly constant over the whole trial. Toddlers' 2 = Vertical force component ardor = body mass
however, are constantly accelerating and decelerating, taking 1€ 3-D linear velocities of the COM/(, Vy, Vz) were
a few steps and stopping again. The average net speed cha Egarmmed by numepcal integration of the 3-D a}cceleratlons
over a trial amounts to 0.10s Because of their low (" Ay, A7). Integration constants were determined so the

walking speed this accounts for an average variation in spedy€rageVx, Vy and V; equalled the average 3-D linear

of 25%. velocities measured by the video system. The vertical
displacement ) of the COM was calculated by numerical
Data analysis integration ofVz.

The body centre of mass (COM)

The three-dimensional (3-D) velocities of the COM and the , o i
vertical oscillations were determined by integrating the Potential Ep) and kinetic ) energy fluctuations were
resultant of the ground reaction forces underneath both feddiculated according to Equatiohsand 5 and plotted as a
This technique was first formulated by Cavagna (1975) and f&nction of gait cycle duration:
well described in literature (e.g. Cavagna et al., 1983; Willems Ep = Miot X 9.81COME) , (4)
et al., 1995). Therefore it is only briefly discussed here. _

If air resistance is neglected, the 3-D accelerations of irand Bic= VMooV 4V ®)
COM can be calculated using Equatidns. Body weight was To find out how well the IP mechanism is working in toddlers,
determined by dividing the time impulse of the resultantecovery valuesR) were calculated (Equatid) and plotted

The inverted pendulum mechanism
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Table2. The 12-segment body model

Segment COM Origind) End ()
Head V4+(LFHD+RFHD+LBHD+RBHD) COM head ¥ (LSHO+RSHO)
Trunk Vi(LSHO+RSHO+LASI+RASI) ¥ (LSHO+RSHO) Y (LASI+RASI)
L upper arm Y (LSHO+LELB) LSHO LELB

R upper arm 5 (RSHO+RELB) RSHO RELB

L lower arm Y5 (LELB+LWRI) LELB LWRI

R lower arm 15 (RELB+RWRI) RELB RWRI

L thigh V5(LASI+LKNE) LASI LKNE

R thigh 5 (RASI+RKNE) RASI RKNE

L shank Y5(LKNE+LANK) LKNE LANK

R shank ¥5(RKNE+RANK) RKNE RANK

L foot VA(LANK+LHEE+LTOE) LANK COM L foot

R foot Y4(RANK+RHEE+RTOE) RANK COM R foot

R, right; L, left; COM, centre of masa; b, see text. For other abbreviations, see legend t@Fig.

as a function of walking speed/)(and froude number 12-segment body model (Tat2¢ was developed based on
[v3(9.81xleg length)].R is a measure of the pendulum-like anthropometrical data for toddlers from Sun and Jensen (1994)
transfer betweerkEx and Ep observed in (mature) walking (Table3). For each body segment they, ) positions of its
(Cavagna et al., 1976). segmental centre of mass were calculated based on the filtered
_ (quintic spline) 3-D marker trajectories (Talle The 3-D
R= [ATEp+A B ol / [A"BpHATRY] ®)  Jinear velocities of the body segmentsi,( Wi, Vz) were

whereA*Ep = the sum of the positive incrementsHpnover an  obtained from the time derivatives of the Y, z) positions of
integral number of step)*Ex = the sum of the positive the segmental centres of mass.
increments irEx over an integral number of steps axidEtot = To determine the rotational kinetic energy of the body
the sum of the positive increments in the total mechanicaegments, only rotations in the saggital plane were considered.
energy curve over an integral number of steps (totaFor each segment a line vector was created between two points:
mechanical energy is the sumEyg andEx). a(y1, zz) andb (y2, z2). Definitions of originsd) and endpoints

The possibility of energy transfer depends not only on théb) for each segment are found in TaBle'he angular position
shape of theEp, and Ex curves but also on their relative of this line vector ;) for each instant in time was calculated
magnitude and phase relationship. Energy exchange is optimading Equatio:8:
when both curves show equal amplitudes. Therefore their o
relative amplitudes RA) were calculated (Equatiaf) and ai = arctan(g-zi) / (y2-y1)] - (8)
plotted as a function of walking speed and froude number: The angular velocity f) of each line segment was then

RA= [max(Ep) — min€p)] / [MaxEx) — min€] . (7) determined by differentiating; with respect to time.

Concerning the phase relationship betwdgnand Ek,
energy exchange is optimal when they are oscillating exactl
180° out-of-phase. In walking, howevét, and Ex are never

Table 3.Segmental intertial parameters based on
anthropometrical data for toddlers*

. . Segment Mass (m) Moment of inertia (I)

exactly in- or out-of-phase. Percentage congruity (Ahn et al
2004) measures the proportion of the gait cycle during whic ~Head 1.315+0.018x 2-6607?6-775‘1076’(
Ep and Ex change similarly in direction. In an ideal inverted Irl‘j;";er A 26313(()3;?(5002(?& 52'55&31&5:[11;?1&:
pendulgm, % congruity WOU|d equal zero. % cc_)ngruny was o upper arm 0.10140.003x o BI-5+4. 93¢ 10-5
d_etermm_ed as the proportion of the gait cycle dgrlng which th L lower arm 0.120+0.001x 7 $80-5+2 4210-6x
time derivatives oEp andEx showed the same sign. R lower arm 0.120+0.001x 7 505+ 44x10-6x
, L thigh 0.294+0.010x 2.781075+3.47%10-5x
External mechanical work R thigh 0.294+0.010x  2.KA0-5+3.4710-5
The amount of positive work performed on the COINgy) L shank 0.161+0.004x 7.3710°5+1.02¢10-5x
was determined by adding the positive increment&giover R shank 0.161+0.004x 7.870°5+1.02¢1075x
an integral number of stepdkxtwas plotted as a function of L foot 0.130-0.012x 1.0710-5+1.93¢10-%
Wa|k|ng Speed and froude number. R foot 0.130-0.012x 1.040-6+1.93x10-6x

*Data taken from Sun and Jensen (1994).
X = age in weeks.

Classical internal mechanical work
To determine the kinetic energies of the body segments,
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To calculate the kinetic energy of the body segmentas a transition state during which the COM velocity is
translational and rotational terms were summed (Equ8)ion redirected from one pendular arc to the next. Instead of
o . , , , calculating the amount of work performed on the COM from
Bicine = Z[M(va=Vi)? + mWi=Vy)? + mi(vziVz)? + I'wiz]é the resultant of the ground reaction forces of both limbs,
©) positive work performed by the front limb and back limb
wherem = segmental mass atid= the segmental moment of during a step is calculated separately (Equatl@s2) and
inertia in the saggital plane then summed:
By adding the positive increments in the internal energy

curve over an integral number of steps, positive internal work Wiitm = Wiront + Weback, (10)
(Wintk) was determinedWintk was plotted as a function of Wront = [Fx frontVxdt + [Fy frontVydt + [Fz rontVz0t , (11)
walking speed and froude number.
9sp Wback= JFx,backV/xdt + [Fy backVydt + [Fz back/z0t . (12)
Work during double contact ThisW*Lwm is the sum of work actually performed on the COM

Alexander and Jayes (1978) recognized that work i¢and equal to the classic@lex) and work resulting from the
performed during double support, due to the fact that one legpposite action of both legs on the COM during double support
is pushing against the other. Classical methods for calculatin@vhich does not lead to a change in velocity or height of the
Wext and Wintx do not account for this. Recently two modelscentre of mass and therefore is actually internal work).
have been proposed to determine the amount of work that hasThe second model (Fi§B) was proposed by Bastien et al.
to be produced by the propulsive back leg to overcome th@003). The body consists of a COM and two sticks for the
energy absorption by the front leg. legs. The legs are seen as two oscillating actuators performing

The first model (Fig3A) was proposed by Donelan et al. work on the COM. Since both actuators are performing work
(2002). The model pictures the legs as two rigid struts joinedn the same structure, they can also perform work on each
by the centre of mass. During single support, the mass movether. This feature is what distinguishes Bastien’s model from
over the supporting limb as an inverted pendulum and enerdiie ILM. Energy exchange is not only possible betw@esnd
exchange is allowed betweEpandEx. Double support is seen Ep during single support but also during double support, where

A Individual Limbs Method B Method of Bastien

Pendular arc Pendular arc

back+front
Wy,bac g

|
| Wy front W, frofit
Fback/ | Ftront Fhack Y Ftront

Propulsive back Ig

Fig. 3. (A) The Individual Limbs Method (ILM), proposed by Donelan
Wback + WHront > W(bacwfront) et al. (2002), models the legs as two rigid struts joined by the centre of
mass (COM). Single support is considered as a pendular phase during
which the COM moves over the stiff supporting limb. Energy exchange is allowed bdfyeed Ex. Double support is a transition state
during which the COM is redirected from one pendular arc to the next. To maintain a constant walking speed, the propuésivéblaask
lines) has to perform work to overcome the braking action of the front leg (grey lines) on the COM. When using the cléssicaf me
calculating work performed on the COM (i.e. by integration of the resultant of forces underneath both feat) simultaneeu§\pesi) and
negative YW, frony) work is cancelled out and work during double contact is underestimated. The ILM calculates the amount of positive work
performed by the front and back limb separately, consequently opposite work of both limbs during double contact is ndtaan¢Ble
Bastien et al. (2003) proposed an alternative method for calculating internal work during double ¥érni@yt The legs are seen as two
oscillating actuators performing work on the COM. Since both are performing work on the same structure, they can alscopledoreach
other. Consequently the energy absorbed when the downward movement of the COM is slowed down after foo¥\gastaeticréasing
during the first half of double support) can be used by the propulsive back limb to accelerate the COM forward (transfgrfaineidr to
Wy back. Also, the energy absorbed by the front lin, ont) can be used during the second half of double support to lift the COM against
gravity (transfer fromM\ wront to WA, which is increasing during the second half of double support). Allowing for this energy transfer between
the front and back limb will reduce the amount of work that has to be performed by the back limb to overcome the brakafghecfiomt
limb. F, force component.
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a transfer of energy is allowed between the front and back limiorizontal work of the back limb minus the amount of energy
Allowing this energy transfer will decrease the amount of workabsorbed by the front limb.
that has to be performed by the back limb to overcome thié W, is decreasing:
braking action of the front limb. _ i
Bastien et al. (2003) ignore work resulting from the lateral Wack= W,back— Ml ; (164)
force component. However, Donelan et al. (2001) showed th#t W, is increasing:
the lateral component might be important in the case of a wide _
base of support. Therefore, in the current study, the Whackc= Wy back- (16B)
instantaneous work curve resulting from the lateral force The front limb also slows down the forward movement of
component was compared to the instantaneous work curvéte COM following foot contact. If energy transfer is allowed,
resulting from the fore—aft and vertical force componentsthe absorbed energy can be used by the back limb to lift the
Lateral work showed to be negligible, despite the wide base @OM again YW is increasing during the second half of double
support, and was ignored for further analysis. support in Fig3B). Thus the work performed by the front limb
Following Bastien et al. (2003), we first calculated the fourquals the horizontal work of the front limb plus the amount
components of work from the individual ground reaction forceof positive vertical work transferred to the back limb.

measurements (Equatioh8-16) during double support: If Wy is decreasing:
\Ny,front = J'Fy,frontVydt , (9) Wront = VVy,front ; (17A)
if Wy is increasing:
Wz,front: IFz,front\/zdt , (10) Y g

= . 17B
Wy pack= [FypachVydlt , (11) Whront = Wy, frontt MW ( )

_ Adding Wiront and Whack instant-by-instant results in the
W back= [Pz back/zdt (12)  amount of work performed on the COM during double contact
The work done by the vertical ground reaction force(Weom). ToO obtain the work resulting from the opposite action
components of both limbs can be added because they wif both legs on the COMNnt,dc), the positive increments in
always simultaneously do positive and/or negative work: ~ Weom have to be subtracted from the sum of the positive

increments inMpack and Wiront.
Wy = W front + Wz, back- (13) back front

Following foot contact the downward movement of the Wintde = W'ront + Wback—W'com. (18)
COM is slowed down and energy is absorbed by the front limb To be able to compare the ILM and the method proposed by
(Wy is decreasing during the first half of double support irBastien et al. (2003)WiLm and the sum of¥Wext and Wint,dc
Fig. 3B). If energy transfer is allowed between both limbs, thevere plotted as a function of froude number and compared to
back limb can use this energy to aid in forward propulsionWext. Also, work during double contact was expressed as a
Thus the work performed by the back limb equals thdraction of external mechanical work performed on the COM.

A Mechanical energy B Kinetic energy
5 10 5
25-\/\/——-- 7.5 3.751
8 5 8
LIJQ- 0 5 Llj< |_u!l 25 '\—/\/
—2.54 725 1.25
-5 : T T T 0 0 7 - : 7
0 20 40 60 80 100 0 20 40 60 80 100
% Gait cycle % Gait cycle
— Ep==Et Ex — By Ex — Exz

Fig.4. (A) Toddlers’ mean oscillations i and Ex (+ s.0.), are plotted as a function of gait cycle duration. The shaded bars indicate the
double support phase. BoHp as Ex show a sinusoidal oscillation with two maxima and two minima occurring during one gait cycle. The
oscillations inEp are largest and almost completely determine the total mechanical energy fluctuations. (B) The average kinetic energy
fluctuations in the forwardy), lateral €) and vertical Z) directions are plotted as a function of gait cycle durafiris entirely determined by

the forward kinetic energy fluctuations.
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Total mechanical work Results
To determine total mechanical wollRext, Wintk andWint,dc The inverted pendulum mechanism
were added and plotted as a function of walking speed and The average mechanical energy fluctuations in toddlers show
froude number. The obtained result was compared to the suinsinusoidal oscillation, with two maxima and two minima

of WiLm andWint k. occurring during one gait cycle (FigA). The oscillations in
. _ Ep are largest in amplitude and almost completely determine the
The effect of walking experience total mechanical energy fluctuations. OscillationsEin are

Since the participating children show a fairly large range oflependent upon walking speed. With increasing walking speed,
walking experiences (from 2 weeks to 6 months), the effect dhe Ex oscillations increase (cf. the decrease RA with
increasing experience in walking on average walking speeihcreasing walking speed, which will be discussed below). The
the inverted pendulum (IP) mechanidixt, WintkandWintdc  forward kinetic energy is the most important component, almost

were also investigated. completely determining the fluctuationskr (Fig. 4B).
100 100
A B
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g 50 501
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251 25
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Fig.5. (A) RecoverieR are plotted as a function of walking speed for both adults (triangles) and toddlers (circles). (Adult data were
reproduced from Willems et al., 1995.) In both age gréugisows an inverted-shape relationship with walking spe®feaches a maximum

at lower speeds in toddlers. (B) Adult (triangles) and toddler (cirBles)jues are plotted as a function of the dimensionless froude number. In
both age groupRis maximal around froude number 0.4. In toddlers, howé¥er smaller than in adults. (C) % Congruity expresses the % of
the gait cycle during whicBk andEp are oscillating in-phase. % Congruity showd-ahaped relationship with speed, reaching a minimum at
the speed wheR was maximal. (D) % Congruity showslashaped relationship with froude number and is minimal at froude number 0.4.
(E,F) Relative amplitud®A. The amplitude oEk is much larger than the amplitudey. With increasing walking speed (or froude number)
the Ex oscillations increase. However, they never exceed the fluctuati@pgéh RAalways >1)r2 values apply to toddlers only.
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Fig. 6. (A) External workWext is plotted as a function of walking speed for both adults (triangles) and toddlers (circles). (Adult data were
reproduced from Willems et al., 1998/0ext shows aU-shaped relationship with walking speed, reaching a minimum at speeds around
0.6m s Toddlers seem to produce a higher amount of external mechanical work to walk at the same speed than adults. (B) Differences
between adults and toddlers do not disappear Wignis plotted as a function of the dimensionless froude number. This suggests that other
factors, apart from their small stature, make toddlers consume more energy than adults. (C) Positive mechaWigak vegired to move

the body segments relative to the centre of mass is plotted as a function of walking speed for both adults (triangle®rsufdinddd).

(Adult data were reproduced from Willems et al., 199}k seems to be larger in toddlers. (D)Wintk is plotted as a function of
dimensionless froude numbé&kint x is smaller in toddlers. (E,F) Work during double conté¢i: (black line),WiLm (circles) and the sum of

Wext and Wint,dc (+) are compared as a function of walking speed and froude number. As exfdcteds larger than the sum &fext and

Wint,dc. However, the shape of the curves and the position of the optimum walking speed do not change, regardless of the method used. (G
Total mechanical workMot is plotted as a function of walking speed for both adults (triangles) and toddlers (circles). (Adult data were
reproduced from Willems et al., 1995Next Shows aU-shaped relationship with walking speed, reaching a minimum at speeds around
0.6msL (H) If Wit is plotted as a function of froude number (and differences in size between adults and toddlers are taken into account),
Whot is comparable between adults and toddlers around froude number 0.4. At lower and higher froude numbers sharp iWseases in
observedr? values apply to toddlers only.
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Recovery values are plotted as a function of walking speed The phase relationship betwegnandEx is expressed as %
in Fig.5A. R shows an invertedJ-shape relationship with congruity (Fig.5C,D), which equals the percentage of the gait
speed 1=0.63). At optimal speed almost 40% of the externaktycle during whictEy andEx are moving in the same direction.
mechanical energy required to lift and accelerate the COM cdburing as much as 25-50% of the gait cy&e and Ex
be recovered. Compared to adults, optimal speed in toddlease oscillating in phase. % Congruity showsUsashaped
is much smaller (0.61s1in toddlers compared to 1.886s1  relationship with speed (Fi§C; r2=0.46), reaching a
in adults, Fig5A). To correct for the differences in size minimum at approximately 0.8 s (around froude number
between adults and toddleRwas also plotted as a function 0.4).
of froude number (FigoA). At equal froude numbeR is

much smaller in toddlers compared to adults. In both age External mechanical work
groups, energy exchange seems to be optimal around froudeWeyx: plotted as a function of walking speed show$)-a
number 0.4. shaped curve (FigA; r2=0.71) reaching a minimum at a

Relative amplitudes are plotted as a function of walkingspeed of 0.8n s1, which coincides with the speed whewas
speed (Fig5E) and froude number (Fi§F). With increasing maximal. When compared to adults, toddlers show a tendency
walking speed (and also increasing froude numbB#A, to produce a higher amount of mass-specific work per unit
decreases but the oscillations By remain larger than the distance over the entire speed range observed (0.m-<%).

oscillations inEx (RAnever below 1). Contrary to what is seen in children above 3 years of age, the
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Fig. 7. The kinetic energies of the body segments are plotted as a function of gait cycle duration. The kinetic energies ofrtimk laead
arms are small since the upper body is kept relatively stiff during walking and there is no arm swing. The kinetic erbegtbggbfand
shank are most important.
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difference in external work production between adults and On average, the work performed by the back limb to
toddlers does not disappear whaly: is plotted as a function overcome the braking action of the front limbs accounts for 7%
of the dimensionless froude number (FB8). Wext remains  (if the method of Bastien et al., 2003 is used) to 16% (if the
larger in toddlers than in adults. ILM is used) of the work performed on the COM.

Classical internal mechanical work Total mechanical work

Wintk shows a positive linear relationship with walking Wt shows aU-shaped relationship with walking speed,
speed (Fig6C,r2=0.60). Compared with adults, toddlers seemreaching a minimum around @s%, in contrast to adults,
to perform more mass-specific internal work when walkingvho show a positive linear relationship with speed (6G).
at the same speed. To eliminate differences due to differeift the ILM is used, Wt values are slightly higher than
body proportions,Wintk was plotted as a function of the when summingWex, Wint and Wintk (Fig. 6G: compare at
dimensionless froude number in F&D. If body size is taken optimal speed: WexrttWint dctWint k=1.15J kgt m~1  while
into accountWint k is smaller in toddlers compared to adults. WiLm+Wintk=1.24J kg1 m~1). However, the choice of method

The kinetic energies of the body segments are plotted ihas no influence on the position of the optimal walking speed.
Fig. 7. Kinetic energies of the head, the trunk and the arms are At optimal speed, toddlers seem to use more than twice the
relatively small compared to the kinetic energies of the thiglenergy per unit body mass that adults need to walk at the same
and shank. speed. At speeds slower and faster than the optimal speed the

difference is even larger.
Internal work during double contact Wit was also plotted as a function of froude number

In Fig.6E,F WiLm and the sum oMWext and Wint,dc are  (Fig. 6H) to eliminate differences between adults and toddlers
compared tOMex: calculated by the classical combined limbsdue to body size. Energy consumption is minimal around
method. Also in toddlersWiim as well asWintdctWext are  froude number 0.4. At this froude numb@t#et is comparable
larger. For example, at optimal sped@x=0.84Jkgtm1,  in adults and toddlers. But when walking faster or slower,
WexrtWint d=0.88J kg1 m~1 andWiLm =0.94J kgt m1, toddlers again consume a lot more energy than adults.
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Fig. 8. To investigate the effect (mechanical energy fluctuations) of walking experience (WE) on the inverted pendulum mecladisah, ind
meanEx and Ep profiles (£s.0.) were inspected. The grey bars indicate double support. In the youngest childi&natitkEp curves are
irregular. The sinusoidal pattern becomes a lot smoother after 3 months of walking experience (28 weeks WE), but vaiisitargema
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The effect of walking experience Discussion

The individual mearf, andEx curves are plotted in Fig. The inverted pendulum mechanism
In the earliest walkers the sinusoidal oscillations of the energy Our results suggest that in order to minimize energy
curves appear to be irregular. After 3 months of independeeixpenditure, toddlers are (at least partially) able to use the IP
walking the stereotype pattern with two maxima and twamechanism of energy exchange. At optimal speed, 40% of
minima begins to show. However, variation remains largeexternal mechanical energy can be recovered. However, the IP
especially inEp. mechanism seems to be imperfect in toddlers. The relative

The effects of walking experience on preferred walkingamplitudes show that the potential energy fluctuations are
speed, mechanical work production and recovery values atarger than kinetic energy fluctuations, a feature that is
shown in Fig9. With increasing walking experience, there isdisadvantageous for energy exchange to occur. The large
a slight increase in preferred walking speed. Total mechanicdecreases i, during the second half of the swing phase can
work as well asWext show aU-shaped relationship with be used to increadex when the centre of mass accelerates
walking experience. No relationship is found between th&ownwards. But the oscillations ki are too small to perform
Wintk, R values or work during double contact and walkingthe required amount of work to lift the COM against gravity.

experiencerf<0.01). The large difference in relative magnitude of #gand Ex
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Fig. 9. Preferred walking speeWdot, Wext, Wint,k and work during double contact (expressed as a fractivvgf are plotted as a function of
walking experience. There is a slight increase in preferred walking speed as the children gain more experience Wwyyalk@\yextshow a
U-shaped relationship with walking experience. But walking experience showed no relationship with recovery values (andtlotis=quen
efficiency of the pendular exchange of eneriiyj: k and work during double contact.
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Fig. 10. The fore—aft and vertical ground reaction force traces, COM velocities and instantaneous work traces of one exempknttid ar
as a function of gait cycle duration. The grey bars indicate double contact. Also in toddlers the front and back limbsgragaorgt each
other during double contact (cf. the fore—aft work traces during double contact). But because of the combination of airsipspeedkand
large vertical oscillations of the COM, the vertical work traces are most important in determining the amount of work pediangeduble
contact. In the vertical direction, the front and back limb cooperate in performing work on the COM. Consequently, opoditengor
double contact is relatively small compared to work performed on the COM.

oscillations can be explained by toddlers’ tossing gait (largéhe first half of single support. At this tireg is also decreasing
vertical oscillations of the centre of mass) in combination withas this downward movement of the COM is slowed down by

their low walking speed. flexing the hip and knee (A.H., personal observations).
Also the phase relationship betwe&p and Ex is sub-
optimal, as the % congruity measurements show that during as Positive external work
much as 25-50% of the gait cyck, and Ex are moving in Positive external work in toddlers is minimal at the speed

the same direction. Fi@. shows that in some of the children when energy exchange is optimal (at approximatelyrOs6t).
(e.g. a child with 13 weeks of walking experience) after fooDespite the fact that the IP mechanism of energy exchange is
contact the COM is still moving down (decreas&ghduring  observed in toddlers, they perform a greater amount of work
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Fig. 11. The instantaneous work traces of the front and back limb calculated using the individual limbs method (ILM) and theropetezti

by Bastien et al. (2003) are plotted as a function of gait cycle duration. The shaded area indicates the double suppbine geibd.
separately sums the vertical and fore—aft components of each limb to obtain the work performed by the friviolignand back limb

(Whacy- The dark grey area between both curves indicates the amount of opposite work. Using Bastien’s method, instantanediis work in
vertical direction performed by the front and back limb is sumidédl Then a transfer of energy is allowed frvh (if W is decreasing) to

fore—aft work performed by the back lim®4pacy. Another transfer of energy is allowed from the negative fore—aft work of the front limb
(Wifront) to increasaN; during the second half of double support. Allowing for these energy transfers causes a flattening of the instantaneous
work curves of the front and back limb. Consequently the amount of calculated opposite work is smaller.

per unit distance to walk at a given speed than adults, evegainst the other in toddlers is also a contributing factor to
when their small stature is taken into account (by expressingechanical work production. Contrary to what might be
speed as the dimensionless froude number). As argued aboegpected due to the prolonged phase of double support in
an explanation can be found in the differences in gait pattetoddlers, this amount of work is small compared to adults.
between adults and toddlers. Both their slow walking speedsing the ILM, it accounts for 16% &¥ext, whereas Donelan
and tossing gait are disadvantageous for the pendular excharejeal. (2002) reported values Wfnt,dc reaching up to 33% of
of energy. Consequently less energy can be recovered aWéx:in adults. Bastien et al. (2003) reported tVak dcreaches
more work has to be performed to lift and accelerate the COML0% ofWext in older children and adults, while in toddlers this
value is only 7%. Again an explanation can be found in the
Classical internal work combination of a slow walking speed with a tossing gait. As a
Positive internal work performed to accelerate the bodyonsequence of these features of immature gait, work resulting
segments relative to the COM is a second important componeinbm the vertical ground reaction force components is much
of total positive mechanical work performed. It is almostlarger than opposite work resulting from the fore—aft force
completely dependent on the work performed to swing the limbomponents (compare the instantaneous work traces in
forward. Work performed on the arms and upper body ifig.10). In other words, because of toddlers’ tossing gait the
negligible since the upper body is kept relatively stiff and arrmost important component of work during double contact is
swing has not yet developed in these children. Exactly theshe work that has to be performed to lift the COM against
features causéint kto be smaller in toddlers compared to adults.gravity. Compared to this, the amount of work that has to be
performed to overcome the opposite action of the front and
Mechanical internal work during double contact back limb in order to maintain a (slow) constant walking speed
Work performed due to the fact that one leg is pushings relatively small.
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Due to different assumptions of the model, the ILM leads tanit distance than adults to lift and accelerate the COM. An
higher work values than the method proposed by Bastienet @&xplanation can be found in the fact that, despite the fact that
(2003). Fig.11 shows the difference between both methodsthe IP mechanism is observed in toddlers to a certain degree,
Allowing for energy exchange to occur between the front and has not yet been completely mastered. Because of their
back limb flattens the instantaneous work trad®s.ft and  tossing gait and slow walking speed, energy exchange is
Whack and reduces the amount of opposite work during doublenperfect. Apart from external work performed on the COM,
contact. While quantitative results differ upon using one or theternal work is performed to swing each limb forward during
other method, the conclusions of both methods remain the samealking. Wintk increases linearly with speed. If the small

stature of toddlers is taken into account, toddlers perform less
Total mechanical work internal work compared to adults since arm swing is not yet

Work performed on the COM is the major contributing present. Another component of internal work is the work
factor of total mechanical work performed during walking inperformed during double contact, due to the fact that one leg
toddlers. The second most important contributoMg: is  is pushing against the other. This component of work is rather
internal work performed to accelerate the body segmentmall in toddlers and is not a major contributing factor to total
relative to the COM. If opposite work performed during doublemechanical work production.
contact is ignoredMot will be underestimated. However, this
amount of work is not a determining factoMgb: since it does
not influence the position of the optimal walking speed. List of Symbols

At froude number 0.4Wot is comparable between adults Ax, Ay, Az 3-D linear accelerations of the COM

and toddlers. Recoveries are optimal at this dimensionless
speed (at froude number OR reaches a maximum of 40%) b

and thusihextis minimal. Nevertheless it is still larger than the COM

external work production in adults at comparable froudeom
number. Despite thidMot is still comparable between adults Ex

and toddlers sinc®/int,k is much smaller in toddlers due to the Ex;int

stiff upper body and the absence of arm swing.

The effect of walking experience Ep

The individualEp and Ex traces suggest the IP is not fully
mastered at the onset of independent walking and starts Bt
mature after 3 months of walking experience. However, these
observations were not confirmed by tRevalues, which did
not change over the range of walking experiences. Possibly By
averaging different trials per individual, speed effects aréy
masked. Also, a cross-sectional study is not the best set-up féx

origin

endpoint

centre of mass of the body

centre of mass of the body segments

kinetic energy of the centre of mass of the body

kinetic energy of the body segments, which is
the sum of translational and rotational kinetic
energy

potential energy of the centre of mass of the
body

total mechanical energy of the centre of mass of
the body (which is the sum of kinetic and
potential energy)

lateral force component

fore—aft force component

vertical force component

exploring maturational effects, since in each child the speely back
at which gait matures will differ. While this study is very Fy front
valuable for giving insight into the overall mechanisms ofFz back
energy transfer and mechanical energy costs of bipedal gait i front

fore—aft force component of the back leg
fore—aft force component of the front leg
vertical force component of the back leg
vertical force component of the front leg

very young walkers, a longitudinal set-up would be mord;
appropriate for investigating subtle changes in mechanical
energy expenditure due to motor development and growth. A M
longitudinal follow-up study of young walkers, is therefore ourlP
future goal. m
The U-shaped relationship dlVext and consequently also Mot
Wiot with walking experience can be explained by the increask
in preferred walking speed. After approximately 3 months oRA
independent walking, toddlers walk at a speed at which energxx
exchange is optimal for their length. However, when growingvy
older they choose to walk at speeds above the optimal speed

and thus mechanical energy production rises again. Vz
Y%
Conclusion Vi

Wext is the major contributing factor of total mechanical vy
work in toddlers. They perform more mass specific work pev;;

moment of inertia of the body segments in the
sagittal plane

individual limbs method

inverted pendulum mechanism

mass of the body segments

total body mass

% of recovered energy

relative amplitide

lateral velocity of the centre of mass of the body

forward velocity of the centre of mass of the
body

vertical velocity of the centre of mass of the
body

walking speed

lateral velocity of the segmental centre of mass

forward velocity of the segmental centre of mass

vertical velocity of the segmental centre of mass



Wback
Wront

Whack
Weom
Wext

Whront
WiLm

V\flnt,dc

VVlnt,k

\Ny,back
\Ny,front
Wz,back
Wz,front
Wy

Wy

positive work performed by the back leg
positive work performed by the front leg

work performed by the back leg

work performed on the COM

the amount of positive work performed during a

gait cycle to lift and accelerate the centre of mass

work performed by the front leg

the amount of work calculated by the ILM,
which is the sum of external mechanical work
performed on the centre of mass and some
internal work due to the opposite action of the
front and back limb during double support

the amount of work performed during double
contact due to the fact that both legs are
working against each other, calculated by the
Bastien method

the amount of positive work performed during a
gait cycle to accelerate the body segments
relative to the centre of mass

work performed by the horizontal force
component of the back leg

work performed by the horizontal force
component of the front leg

work performed by the vertical force component
of the back leg

work performed by the vertical force component
of the front leg

work performed by both legs in the vertical
direction

work performed by both legs in the horizontal
direction

vertical displacement of COM

angular rotation of the body segments in the
sagittal plane

angular velocity of the body segments in the
sagittal plane
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