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Summary

In the single stance phase of walking, center of mass plates, and metabolic rate using indirect calorimetry.
motion resembles that of an inverted pendulum. As predicted, average negative and positive external
Theoretically, mechanical work is not necessary for mechanical work rates increased with the fourth power of
producing the pendular motion, but work is needed to step length (from 1W to 38W;r2=0.96). Metabolic rate
redirect the center of mass velocity from one pendular arc also increased with the fourth power of step length (from
to the next during the transition between steps. A collision 7 W to 379 W;r2=0.95), and linearly with mechanical work
model predicts a rate of negative work proportional to the rate. Mechanical work for step-to-step transitions, rather
fourth power of step length. Positive work is required to than pendular motion itself, appears to be a major
restore the energy lost, potentially exacting a proportional determinant of the metabolic cost of walking.
metabolic cost. We tested these predictions with humans
(N=9) walking over a range of step lengths (0.4-1.1m)
while keeping step frequency fixed at 1.8 Hz. We measured Key words: biomechanics, biped, energetics, locomotion, oxygen
individual limb external mechanical work using force  consumption, human.

Introduction

Why does walking require metabolic energy? One possible Several inverted pendulum models of walking (Fig. 1)
answer is for mechanical work performed by muscles. Ipredict that work is not needed within each step, but rather
studies on isolated muscle there is a proportional relationshigetween steps (McGeer, 1990; Alexander, 1995; Garcia et al.,
between mechanical work and metabolic cost (Hill, 19381998; Kuo, 2002). In bipeds, single support can be modeled as
Woledge, 1985). This has also been demonstrated in humaas inverted pendulum, with the center of mass moving along
for tasks such as rowing or cycling, where the mechanical workn arc dictated by the stance limb (Fig. 2A). A pendulum
performed on a load can be readily measured (Fukanaga ainserves mechanical energy and requires no work to move
al., 1986; Pugh, 1974). For human walking, the clearestilong an arc, but the transition from one stance limb to the next
relationship between work and metabolic cost is observedoes require work. Negative work is performed in the collision
during slope walking experiments. Efficiencies for walking onthat redirects the center of mass velocity from one arc to the
positive and negative slopes, defined as work performedext (Fig. 2B), and positive work is required to restore the
against gravity divided by metabolic cost, approach 25% anenergy lost. These step-to-step transition costs will exact a
—120%, respectively, and are similar to those found foproportional metabolic cost if muscle efficiency is constant.
performing positive and negative work in isolated muscle These model predictions have been supported by previous
(Margaria, 1976). experiments measuring mechanical and metabolic cost as a

For walking on level ground, however, it is unclear whyfunction of increasing step width (Donelan et al., 2001).
mechanical work is required. There is no dissipative load\ simple model (Kuo, 1999) predicted that collision costs
external to the body as for rowing or cycling, nor is net workwould increase with the square of step width. Subsequent
performed against gravity as for slope walking. Perhaps the bodyxperimental measurements of mechanical work performed
and limbs themselves act as a mechanical load. There aredaring step-to-step transitions (Donelan et al., 2001) showed a
variety of methods to quantify the mechanical work performedimilar dependenca?=0.91), with a proportional increase in
on the body and limbs (Burdett et al., 1983; Cavagna anahetabolic costrf=0.83). This is, however, only a small part
Kaneko, 1977; Willems et al., 1995), but these neither prediaf the metabolic cost of normal walking because humans prefer
nor explain where and why mechanical energy is dissipated. to walk with a relatively narrow step width.
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A o ) ) to-step transitions by keeping step frequency fixed. Several

Simplest 2-D walking model previous studies (e.g. Atzler and Herbst, 1927; Zarrugh et al.,
1974; Elftman, 1966) indicate an increase in metabolic cost
with step length, but because these studies provide few data
points that specifically fix step frequency for a range of step
lengths, we embarked on a new study designed for this
Forward purpose.

In the present study, we tested predictions regarding
step-to-step transition costs in walking by measuring
mechanical and metabolic costs in humans as a function of
step length. A fixed step frequency was used to control for
other potential metabolic costs such as for moving the legs.
Based on our model’'s predictions (Fig. 3), and assuming
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“— | angle

Side view constant muscular efficiency, we hypothesized that both the
mechanical and metabolic power associated with step-to-step
B Anthropomorphic 3-D walking model transitions would increase with the fourth power of step
Pelvis width : length.
— Hip
sprin
pring Stance .
| angle Materials and methods
Model predictions
Forward Models based on passive dynamic walking (McGeer, 1990;

Alexander, 1995; Garcia et al., 1998; Kuo, 2002) lead to
predicted mechanical costs as a function of step length. In these
models, the legs move freely during a step, ending with an

Rol” B instantaneous and perfectly inelastic collision that produces
anger initial conditions for the subsequent identical step. Energy is
. o lost at each collision, even for models that have been adapted
Front view Side view

to walk on the level (Kuo, 2002; McGeer, 1990), and to walk
Fig. 1. (A) The simplest two-dimensional passive dynamic walkingat different step frequencies (Kuo, 2002).
model has two degrees of freedom, stance leg angle and swing legwe applied a previously developed model, the ‘simplest two-
angle, and is restricted to motion in the sagittal plane. Mass i§imensional passive dynamic walking model’ (Fig. 1; briefly
concentrated in points located at the pelMs nd feet ), making  reyiewed in Appendix), to predict how collision costs increase

it possible to compute step-to-step transition costs analytically . : :
(Garcia et al., 1998; Kuo, 2002) (B) The anthropomorphic threewth step length (Kuo, 2002). During single support phases, the

dimensional passive dynamic walking model (Kuo, 1999) extendgnOdPTl. behaves as an myerted .pendullum (Fig. ZA)'. Each
; éransmon to a new stance limb (Fig. 2B) involves a collision,

between the limbs, making it possible to explore the mechanics yyhere the negative work per step, denotéd,,s is performed
walking at different step lengths or frequencies (after Kuo, 2002)PYy the leading limb on the center of mass, according to:
Second, it includes an extra degree of freedom allowing for lateral M_) Of2x |4 1)
motion and finite step widths. Step width is adjusted by changing the rans ’

splay angle8. The model has three degrees of freedom (stanceyheref is step frequency arlds step length. Average rate of

swing and roll angles). negative mechanical workf).s is found by multiplying
Widnsby step frequency:
V.\ér_gns[lfsx 4. (2)

Step-to-step transition costs associated with step length may
comprise a much greater fraction of the metabolic cost ofo maintain a steady walking speed, an equal amount of
normal walking. Our models predict two important positive work is required to restore the energy lost.
components to the cost of normal walking: a cost to increasingonsequentially, positive work has the same dependence on
step length due to step-to-step transitions, and a cost step frequency and length as negative work, from Equation 2
increasing step frequency due to moving the legs relative to ti{guo, 2002). We therefore predict that the collision cost,
body (Kuo, 2001). The rate of mechanical work for step-toexpressed in terms of average rate of mechanical work,
step transitions is predicted to increase sharply with the fourthcreases with the fourth power of step length (Fig. 3). These
power of step length when walking speed increasepredictions hold true even for a passive dynamic walking
proportionally with step length (Fig. 3A). The metabolic costmodel with more anthropomorphic features (Figs 1B, 3) (Kuo,
of moving the legs is predicted to depend more heavily on stef999).
frequency (Kuo, 2001) and to be isolated from the cost of step- Humans redirect the center of mass velocity during step-to-
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Fig. 2. (A) The direction of the center of mass velooity,, is perpendicular to the stance limb during the single support inverted pendulum
phase of the simplest two-dimensional passive dynamic walker. (B) Each transition to a new stance limb requires rediectientef of

mass velocity, frorrvg% to vg}% (with the superscripts ‘~" and ‘+’ denoting the instances immediately before and after impact, respectively),
accomplished by an impulsive heel strilg acting along the leading limi& also causes an instantaneous reduction in the magnitude of the
center of mass velocity through negative work by the leading limbWiigh{J|S]? (shaded square). To walk at steady speed, an equal amount
of positive work is required (see Kuo, 2002; Donelan et al., 2002). The magnitudg)rgf and thus the step-to-step transition cost, depends
on véﬁ), and the angle between the legs,(Equation 1). (C) When step frequency is kept fixéﬁ,and 2x are proportional to step lengthso
thatW{2sincreases with? (denoted by the differences in area of the shaded squares.

step transitions not with instantaneous collisions, but withio-step transition costs, it nevertheless affects the average

negative work performed by the leading leg over a finite periodxternal mechanical work rate.

of time (Donelan et al., 2001, 2002). The step-to-step transition Combining contributions from step-to-step transitions and

costs are the negative external work performed to rediretitnb motion, simple bipedal models predict that when walking

the center of mass velocity from one inverted pendulum téaster by increasing only step length, the rate of external

the next, and the equal amount of positive external worknechanical workVmechwill be:

performed to restore the energy lost. Equation 2 predicts that : _

both of these quantities increase with step length raised to the Winech= Cirand® + Ciegl? + D, (3)

fourth power. where Cyans iS @ constant associated with step-to-step
In addition to these step-to-step transition costs, motion dfansition power,Cieg iS a constant associated with leg

the legs back and forth relative to the body contributes tmotion, andD is a constant. The paramet&gans Cieg and

external mechanical work, whether or not work is performed depend on gait parameters such as step width and step

on the legs (see Appendix). Keeping step frequency fixed, thfsequency, and on physical attributes such as inertial

motion contributes a term increasing with the square of stgproperties and musculoskeletal geometry.

length (Fig. 3B). Even though leg motion is not related to step- Assuming constant muscular efficiency, the rate of
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mechanical work for step-to-step transitions (Equation 3) Experimental procedures

translates directly int&met, a predicted metabolic rate: We measured the mechanical and metabolic costs of walking
: as a function of step length in human adult subjé¢t®). All
Emet= C'trand* + D', (4) b 9 ) X

subjects (four male, five female, body mass 66.0+£8.4kg; leg
where C'trans and D' are parameters that depend on theidength 0.93+0.05m; meanssib.). were healthy and exhibited
counterparts in Equation 3 and on muscle efficiency (with th@o clinical gait abnormalities. Before the experiments began,
prime denoting metabolic rate). There is no term for leg motiomolunteers gave their informed consent to participate, in
in Equation 4, because our model predicts that the metabolaccordance with university policy.
cost of moving the legs is determined by muscle force rather We first measured each subject’s preferred step lehgth,
than muscle work (Kuo, 2001) (see also Appendix), with a cosind step frequency, for walking at 1.25ms on a treadmill.
that will be relatively constant at fixed step frequency, and\fter allowing each subject to acclimate to the treadmill for
which can therefore be subsumed witldh In the present 10min, we timed at least 100 steps at each speed to find the
study, we tested these predictions with nonlinear regressiorsyerage step period, which is the reciprocaf*ofWe then
quantifying the parameters from Equations3 and 4oundl* by dividing speed by*. Average preferred step length
empirically. wasl|*=0.70+0.03 m and average preferred step frequency was
f*=1.81+0.07 Hz. Average step width, measured in the same
manner as by Donelan et al. (2001), was 0.12+0.03m and did
not change significantly with step lengtP=0.44, ANOVA).
A ) For all remaining trials, subjects walked at their offrby
| — Simplest2-D m9dd (analytical) _ stepping to a metronome.
-+ Anthropomorphic 3-D model (numerical) We measured ground reaction forces for subjects walking
overground at six different step lengths, keeping step
frequency fixed. Subjects walked over two ground-embedded
force platforms mounted in series (described in detail in
Donelan et al., 2002), at target speeds within the range
0.75-2.00mt!, presented in random order. These speeds
were chosen so as to produce multiples of each subject’s
preferred step length: 0.6, 0.8, 1.0, 1.2, 1.4 and*1Bhe
minimum step length was large enough to ensure that subjects
could step on two separate force platforms, and the maximum
was close to the largest that subjects could comfortably
B achieve. We discarded trials if the walking speed, measured
0.004 | - Anthropomorphic 3-D model (numerical) with photocells, was not within 0.05 misof the target speed
) or if the individual feet did not fall cleanly on separate force
platforms. We analyzed data for three acceptable trials from
0.003¢ 1 each subject at each of the step lengths. Reported values are
averages from a single step, beginning and ending with
0.002} . successive heel strikes, from each of the three trials for each
,,,, subject and condition.
oot ] In addition to the overground walking trials, we also
_________ conducted treadmill trials to measure the metabolic cost of
---------- walking at six step lengths. Metabolic cost was measured by
0 02 04 06 08 indirect calorimetry using an open circuit respirometry system
Step length (fraction of L) (Physio-Dyne Instrument Co., Quogue, NY, USA). After first
measuring each subject’s resting metabolic rate while standing,
Fig. 3. (A) Walking models predict that the rate of externalwe then repeated the same walking trials as above, with the
mechanical work dissipated in collisions is proportional to the fourtréxception of a 115 condition (1.90ms!) in place of 1.5
power of step length (keeping step frequency fixed; Kuo, 2002). hecause subjects had difficulty maintaining the longer step
The simplest two-dimensional (Fig. 1A) and anthropomorphic threegg o4y for a sufficient duration without switching into a run.
dimensional passive dynamic walking models (Fig. 1B) both 9Ver aadmill speed and metronome frequency were used to

similar predictions. (B) The anthropomorphic model predicts that le . . .
motion also contributes to external work rate, with a term%mcorce step length and frequency. Following a 3 min period to

proportional to the square of step length. Step length is expressedaa&ow subjects to reach Ste?dy state, we me?Sl‘!red the ave_rage
a fraction of leg lengthl.. Mechanical work rate shown is made 'ates of oxygen consumption and carbon dioxide production
dimensionless by dividing bylgvgL, whereM is body mass angis ~ Over 3min, and calculated metabolic rate (Brockway, 1987,
the gravitational acceleratiorC,D, constants. See Materials and described in detail in Donelan et al., 2001). We subtracted the
methods for details. metabolic rate for standing from all walking values and then

Collision cost predictions

0.03

0.02}

001} oD

"\C|4

Leg motion prediction

0.005

Rate of mechanical work
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divided by body mass to derive normalized net metabolic ratéyppendix). Briefly, the external mechanical power generated
Emet (W kg™). by a limb was found from the dot product of the limb’s ground
reaction force and the velocity of the center of mass (see Fig. 4
Data analysis for intermediate results showing these quantities). The
We calculated mechanical step-to-step transition costs usimgagnitude of negative external mechanical work per step was
the individual limbs method for quantifying external found from the time-integral of the negative portions of
mechanical work (Donelan et al., 2001; reviewed inexternal mechanical power generated by the limb (Donelan et
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Fig. 4. Average ground reaction forces from two force plates during a single step of walking at three different step¥Ng(A$ Leading leg

force plate, (B) trailing leg force plate. (C) Center of mass velocity for a single step, computed from ground reactidihdodotgroduct of the
ground reaction forces and center of mass velocity yields average external mechanical power produced by (D) the leadBptlegteaiting

leg during a single step at different step lengths. As a result of the changes in ground reaction forces and centeraaftiesstheetxternal
mechanical power generated within a step increased at longer step lengths. Grey lines denote double support. Medieslaedalébocities
(not shown) are relatively small and change little with step length. They are, however, included in all caldtigtiefesred step length.
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al., 2002). We determined the average normalized rate dfien performed a linear regression between this transition
negative external mechanical worM\2,s (Wkg3), by  power and net metabolic power. Using these methods, we were
dividing the negative work for both limbs by body mass andestricted to step lengths for which we collected both

step period. mechanical and metabolic data, i.e. excluding the longest step

The measures of step-to-step transition costs used here diffength condition.
slightly from our previous estimates, described by Donelan et
al. (2002). We previously estimated transition costs as a
function of step width using the negative external mechanical Results
work performed by the leading leg during double support In support of our hypothesis, the rate of mechanical work
alone. While some negative work continued beyond doublassociated with step-to-step transitions increased with the
support, it probably did not adversely affect our conclusionsourth power of step length (Fig. 5A). A nonlinear regression
as its magnitude was small. In the present study, however, the  Equation 3  yielded  coefficients Cirans=0.087+
leading limb performed substantial negative work after doubl®.045Wkgtm# (mean + 95% c.i.), Cswing=0.344+
support during the longer step length conditions (Fig. 4D)0.135Wkglm# (mean * 95% c.i.) andD=0.122+
Integrating negative power over the entire step therefore betterl02Wkgtm—* (mean +s.0.) (r2=0.98). Our estimates for
quantifies step-to-step transition costs for the conditionthe mechanical step-to-step transition work rate therefore
presented here. increased from 0.01Wkg to 0.57 Wkg?! over the range of

A trade-off to quantifying external work over an entire stepstep lengths we employed.
rather than the double support phase alone, is that motion ~*
the legs can affect our measurements. We expect th Speal (ms ™)
including the termCiegl? in Equation 3 will underestimate 075 100 125 150 175 200
Crransbecause external work from leg motion mathematically 20— ' ' ' ' '
cancels some of the step-to-step transition costs (s¢ A o Individual limbs methal
Appendix). However, this estimate of the negative work of 15 @ Combined limbs methal
step-to-step transitions is sufficient to test the predicte
relationship between step-to-step transition costs and ste
length given by Equation 3.

We used these data to test our predictions regarding step-i
step transitions. We first tested whether the measured rate
mechanical work increased with step length as predicted k
Equation 3, and then tested whether measured metabolic r:
increased as predicted by Equation 4. These tests we
performed with a nonlinear regression to both equations, wit ,
r2and 95% confidence intervals (c.i.) indicating the degree ar B
significance of fit. Because the offsésand D' are purely
empirical constants not predicted by the model, we performe
the regressions with an individualized offset subtracted fror
each subject’s data. To compare with previously reported dat
we also calculated traditional combined limbs measures ¢
external mechanical work (Cavagna, 1975) and percentag
recovery (Cavagna et al., 1976).

Finally, we tested whether metabolic rate increased i
proportion to mechanical work rate, as would be expected
muscle performed this work at constant efficiency. We used 06 08 10 12z 14 1s
linear regression for this comparison, withand 95% c.i. Normalized step length (fraction of*)
indicating the degree and significance of fit. The linear constai .
of proportionality was also used to estimate an efficiency':ig- 5. (A) Increases in negative external mechanical work rate
defined as negative external mechanical power divided by n(black circles) and (B) net metabolic rate (black circles) were both

metabolic power. We first estimated efficiency by performincdominated by the fourth power of step lentExternal mechanical

a linear regression between total negative external mechanic''K 'ate (A) is compared against a nonlinear regression from
Equation 3 (black line), and metabolic power (B) is compared

power gnd net metabolic pow&_ar. The re;ult is probably aagainst a regression from Equation 4 (black line). Note that
overestlmate due to F:ancellatlon of swing leg .Work (Se‘traditional combined limbs measures of total negative external
Appendix). To also estimate a lower bound on efficiency, Wemechanical work rate (grey circles in A) underestimated the external
subtracted our estimated contribution of leg motiBRg2  work rate generated by the individual limbs. Values shown are
from negative external mechanical power data (yielding imeans #s.p., N=9. I*, preferred step length,C, D,D', constants.
lower bound on negative step-to-step transition power), anSee Materials and methods for details.

1.0 Crarsl 4"'Cleg| 24D
(r2=0.98) \

0.5

Rate of mechanical work (W kb

Ctrars|*+D’
(r2=0.95)

Net metdolic rate (W kgl
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D - - — - - power of step length when step frequency is kept fixed. The
2 15l * Average pOWer  Wmect0.25Emet-0.09 | proportional metabolic cost is probably due to the (positive)
~ | o Without swing leg (r?=0.89) N o- costs of performing both positive and negative mechanical
g correction o © o work. Assuming efficiencies of 25% and —120% for positive
T 10} °oo R ° ] and negative work, respectively (Margaria, 1976) we would
= o o/‘?.—"o expect a step-to-step transition efficiency of 21%, which falls
S o g ° within our range of estimates (10-25%, Fig. 6). The reasonable
2 05} 6g.0" * model fit §2=0.79-0.89) suggests that the mechanical work of
5 ¢ step-to-step transitions does indeed determine the observed
8 oo .°\7\Vmech=0.10Emet—0.03 (2=0.79 inc.re.ase's in metabolic cost, anq the low values of estimated
o 01 2 3 ;1 5 ‘6 efficiencies suggest that elastic energy storage does not

substantially contribute to step-to-step transitions over the step
lengths tested.

Fig. 6. Correlation between mechanical step-to-step transition costs Step-to-step transitions may also account for much of the
and metabolic costs for varying step lengths. One estimate for stepverall metabolic cost of freely selected gait. The rate of work
to-step transition costs (open circles) is found from negative externghr these transitions increases sharply with step length, and to a
mechanical work rate; a least-squares linear regression of these dpigser extent, step frequency (Equation 2). Humans typically
exhibits linearity (broken line,r2=0.89). This is probably an walk faster by increasing step length and step frequency in
overestimate because it fails to attribute some of the increases g?most equal proportion (for a review, see Kuo, 2001), rather

power to leg motion. A lower bound on step-to-step transition cos . . .
L . . - ngth alon in the present work. Th
(solid circles) is found by correcting for the contribution due to le;Pnan by increasing step length alone as in the present wo €

motion, Ciegl? (Equation 3); a least-squares linear regression of thesBr,ef_e”_’ed Comblné'ltlon of step length and. step fre'quency
data also exhibits linearity (solid line2=0.79). These data are for Minimizes metabolic cost of transport (metabolic rate divided by

step length#* in the range (0.6-11%). speed, or energy per distance) at a given speed (e.g. Elftman,
1966), and is expected to result in slightly lower, but still
substantial, step-to-step transition costs than were observed here.
Also in support of our hypothesis, metabolic rate associated In addition to step-to-step transitions, there appears to be
with step-to-step transitions increased with the fourth power ainother substantial component to the metabolic cost of walking
step length (Fig. 5B). A nonlinear regression to Equation 4hat depends more heavily on step frequency (Atzler and
yielded the coefficient€yans0.877+0.060Vkgtm— (mean  Herbst, 1927; Zarrugh et al., 1974). If step-to-step transitions
+ 95% c.i.) andD'=1.543+0.363Vkgtm— (mean +s.p.)  alone determined the metabolic cost of walking, they could be
(r2=0.95). The metabolic step-to-step transition rate therefomminimized by walking at high step frequencies and short
increased from 0.11Wk§to 5.75Wkg! over the range of step lengths. The preferred combination of step length and
step lengths we used. frequency (Elftman, 1966) may be a result of a trade-off
Our estimates of the efficiency of step-to-step transition®etween step-to-step transitions and a cost to increasing step
ranged from 10%-25% (Fig. 6). A linear regression betweefrequency, such as for moving the legs back and forth. Indeed,
mechanical costs, correcting for swing leg work, and metaboliour model of this trade-off predicts the preferred combination
costs yielded a slope of 0.10+0.02 (mean + 95% ¢4-0(79),  (Kuo, 2001). We aim to test the cost of moving the legs, its
a lower bound on efficiency. Another regression, without theérade-off against step-to-step transitions, and the contribution
correction for swing leg work, yielded a slope of 0.25+0.030f step frequency to step-to-step transitions (Equation 2) in
(mean + 95% c.i.)re=0.89), likely to be an overestimate of future experiments.
efficiency. The metabolic cost of high step frequencies does not,
Traditional combined-limbs measures of externalhowever, appear to be proportional to work performed on the
mechanical work were on average 31% less than individualegs. The external work originating from leg motion increases
limbs measures (Fig. 5A). The net metabolic cost observedith the square of step length, corresponding to the @sgi?
here was substantially higher than that for unconstraineith our mechanical cost regression (Equation 3). But as
normal walking at the same speeds (e.g. by 87W at 1.75mspredicted by our model, this work appears to contribute
Tolani and Kram, 1999; ANOVAP=0.0011) but percentage negligibly to metabolic cost; addition of a similar term to the
recovery was not statistically different (ANOVR=0.36). metabolic cost regression (Equation 4) does not substantially
improve the degree of fit{ increases from 0.955 to 0.957).
When walking faster by increasing only step length, metabolic
Discussion costs associated with leg motion appear not to increase
Walking with longer steps requires considerable mechanicaubstantially. One possible explanation is that metabolic cost
work and exacts a substantial and proportional metabolic costepends more on the cost of producing force, rather than work,
The mechanical cost is from energy lost in redirecting théo move the legs (Kuo, 2001). This would yield a large cost to
center of mass velocity from step to step, and the positive woitkigh step frequencies that would be nearly constant when step
to restore that loss. The rate of work increases with the fourtihequency is kept fixed.

Net metabolic power (W kg)
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energy dissipated in collisions 8
is a function of step length § '
and step widthw (expressed 0 .-z
as fractions of leg lengthl). 050 < S
(B,C) Slices through the 1.0
surface of A. (B) Collision

costs increase with step width
squared when walking with a
fixed, substantial step length, as
tested previously (Kuo, 1999;
Donelan et al., 2001).
(C) Collision costs increase B I'ncreaing step wjdth ' C Increaing steplength

: 0.005 " 0.020 -
with step length to the fourth « (Steplength = 0.45L) < (Step width=0.15L)
power when walking at a fixed € 0004/ g
step width, as tested here. TheseS 3 0.015¢ Cl%D
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using a simple 3-D walking & S 0.010¢
model (Fig. 1B; Donelan et al., £ 0.002} 2
2001), walking at different © 5 I
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constrained to walking with a & . ) ) ) ad 0
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Step-to-step transition costs depend not only on step lenggitobable that there are additional metabolic costs not
but also on step width (Fig. 7A). We previously studiedattributable to step-to-step transitions or external mechanical
transition costs as a function of step width while keeping stework, such as for supporting body weight, moving the legs,
length and frequency fixed and found that, as predicted, theyoving other limbs, or controlling stability. However, our
increased with the square of step width (Fig. 7B) (Donelan giresent data are insufficient to resolve their contributions.
al., 2001). The present study examined the effect of step lengthAnother limitation is that even though our experimental
while keeping step width and frequency fixed, and found thadata are consistent with the proposed model, they also cannot
transition costs increased with step length to the fourth powgreclude other possible explanations. Our tests were based on
(Fig. 7C). These different relationships are predicted by a power law relationship predicted by a simple model, in fact
single model of redirecting of the center of mass between stephe simplest possible model based on mechanics (Garcia et al.,

There are other costs of walking that are not explicitlyl998). The data fit of Equation 4 contains two coefficients,
represented in our models, as indicated byythercept of equivalent to a linear fit, treatintf as the independent
the mechanical and metabolic power curves (Fig. 5). Thesariable. A linear fit can confirm the statistical significance of
offsets D andD') are important in determining the magnitude the linear coefficient, but cannot prove linearity. Our present
of the minimum metabolic cost of transport and the speed a¢sults therefore do not prove that thgerm is exclusively
which it occurs (Schmidt-Nielsen, 1990). Metabolic cost ofsuperior to other possible terms. In addition, polynomials with
transport is the metabolic energy required to move a unit bodadditional statistical degrees of freedom would almost surely
weight or mass a unit distance, and animals prefer to move jtovide better fits. But a model capable of predicting such a
speeds that minimize this cost (Alexander, 1989). A small papgolynomial would also probably be more complex than the
of the mechanical offseD), may be explained by step-to-step simple model (Fig. 1A) proposed here. In fact, the predictions
transition costs due to the non-zero step width. There may loé the more complex anthropomorphic model (Fig. 1B) and
other mechanical work required of step-to-step transitions thaiur experimental data are fitted nearly as well Wittrather
is not accounted for in our rigid body model, such as to restotban thel* of the simple model. We feel that the present
energy dissipated from flexible body deformations. It is als@nalysis is a reasonable compromise between model
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simplicity (which facilitates predictions made priori) and  and number of legs, but most walk with long steps and some
goodness of fit. Not only is the model simple, but its physicalvalk with wide steps. The associated cost of step-to-step
manifestation (McGeer, 1990) can also walk down a slop&ansitions may be a general and major determinant of the
with the same scaling of step-to-step transition costs as foumdetabolic energy required for walking in all animals that make
here. use of an inverted pendulum mechanism.

Our results are based on a measure of the external
mechanical work performed by individual limbs. Traditional
combined-limbs measures of external mechanical work
(Cavagna et al., 1976) are prone to underestimating step-to- Model details
step transition costs because they ignore simultaneousCollision costs for the simplest passive walking model are
positive and negative mechanical work by the trailing andlerived as follows. At the end of each step, the transition to a
leading legs (Donelan et al., 2001, 2002). Measures of theew stance limb (Fig. 2B) requires redirection of the center of
total mechanical work performed on the body and limbsnass velocity, fronvgy, to v, (with the superscripts ‘— and
(Burdett et al., 1983; Cavagna and Kaneko, 1977; Willems ét’ denoting the instances immediately before and after impact,
al., 1995) include work performed both for step-to-steprespectively), accomplished by instantaneous, inelastic
transitions and to swing the leg, of which the latter appearsollisions. The magnitude of, is:
not to contribute to metabolic cost in a proportional o
relationship. Our measure of external work by ifldividual Veml = Veml cos2, (A1)
limbs appears to better quantify step-to-step transitions thamhere 21 is the angle between the legs at the transition. This
combined-limbs measures of external work. It cannotedirection of the center of mass velocity requires negative
differentiate the effects of swing leg motion, but is lesswork by the leading limb. The magnitude of this negative work
affected by this motion than measures of the overalper stepWi2,s is:
mechanical work performed on the body and limbs. Still WEde= IM Va2 = IM Vi, (A2)
better estimates might result from a more complete separation
of step-to-step transitions from swing leg motion, perhapsvhere M is the mass concentrated at the pelvis. Combining
through a joint power approach to estimating the mechanicaquations A1 and A2 yields:

Appendix

work performed by individual limbs (e.g. Winter, 1990) or a ~ 201
through measuring muscle mechanical work directly (e.g. M'a”si Iximlz(s? n22C0(0§2u) (A3)
Prilutsky et al., 1996; Biewener and Roberts, 2000). The . |vSm|2cx2

cm .

latter would assist in quantifying the degree to which
transition work is apportioned between work performed byVe can restate Equation A3 as follows. Fimstis nearly
muscle fibers, elastic energy stored and returned by tendgproportional to step length, for small angles. Second, is
and energy dissipated in other structures (see Appendix). proportional to walking velocity. Finally, v is the product of

Step-to-step transition costs help to relate the observddand step frequency, yielding Equation 3 in the main text.
metabolic cost of walking with the inverted pendulum
paradigm. An inverted pendulum by itself conserves energy Experimental details
while the center of mass moves in a pendular arc. Yet one of We used the individual-limbs method to calculate external
the enduring hypotheses of human walking is that it costmechanical work (Donelan et al., 2001, 2002). The external
energy to produce vertical excursions of the center of masaechanical power (Fig. 4D,E), generated by a limb is equal to
(Saunders et al., 1953). The present model of step-to-stéipe dot product of the limb’s ground reaction fofeeand the
transition costs predicts that larger vertical excursions of theelocity of the center of masgm. The magnitude of negative
center of mass will indeed be correlated with, but do noexternal mechanical work per st&f{), performed by a limb
themselves cause, increasing metabolic cost. The vertical found from the time-integral of the external mechanical
motion of an inverted pendulum motion need not consumpower generated by the limb, restricted to the intervals within
energy, but the transitions between steps require mechaniedch step over which the power is negative (denoted by the
work, and it is this work that consumes metabolic energydomain NEG). Total negative individual limb external
Longer steps result in greater vertical excursions of thenechanical work per stewf[)M, is the summed magnitude of
inverted pendulum, but more importantly, they incur highemegative external mechanical work from each limb. For a
step-to-step transition costs. This theory is expected to apphiped,
not only to humans, but to any other animals whose walking W =) 4w
can be likened to an inverted pendulum. ILM ™ trail lead

In summary, humans perform substantial mechanical worl é E
to redirect the center of mass velocity during step-to-ste = =0(Ftrail - Vem)dt —[J(Flead- vem)dt,  (A4)
transitions. This work exacts a proportional metabolic cost, NEG NEG
consistent with studies on slope walking, rowing, cycling andvhere the subscripts ‘trail’ and ‘lead’ denote the double
isolated muscle. Legged animals vary widely in size, shapsupport trailing and leading limbs, respectively. We discuss
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the assumptions and limitations of this method elsewheref mass. This is true even if the legs move passively or

(Donelan et al., 2001, 2002). otherwise add no net mechanical energy over a step. In an
_ _ anthropomorphic two-dimensional model with a hip spring
Analysis details acting between the legs (Kuo, 2001), motion of the legs

We use negative external mechanical power, averaged ovgenerates positive and negative external mechanical power at
an entire step, to estimate the mechanical costs of step-to-stée beginning and end of single support, respectively (Fig. Al).
transitions. However, average external mechanical worhe internal mechanical power is equal and opposite, so that
includes not only the work performed during step-to-stegthere is no net change in total mechanical energy. The
transitions, but also work performed to move the legs anchagnitude of negative external power increases with the square
perhaps energy fluctuations due to storage and return of step length and the square of step frequency (Fig. 3B).
elastic energy. Here we discuss briefly how these separdteeping step frequency fixed, moving the legs therefore
contributions may affect total external mechanical power andontributes a term of the for@egl? to our external mechanical
metabolic cost. power regression model (Equation 3).

A large fraction of external mechanical work is due to the External mechanical power for moving the legs partially
work required of step-to-step transitions (Fig. 4E,F). Most otancels power generated or dissipated during step-to-step
this work occurs during the double support phase. But atansitions, making it impossible to separate the two
longer step lengths, the stance leg performs some of tlwntributions from force plate data alone (Fig. Al). This is a
negative work extending beyond double support, into thenathematical cancellation that is not representative of a
beginning of single support (Fig. 4E; collision in Fig. Al). In physical cancellation, which would require a transfer of
addition, the stance leg performs some of the positive worknergy from one limb to the other. Inclusion@gg? in a
prior to double support, at the end of single support (Fig. 4Begression fit (Equation 3) will therefore underestinGtgns
propulsion in Fig. Al). (andCieg), making our estimate a lower bound on step-to-step

While limb motion involves mostly internal work, it also transition costs. An alternative method is to exclude the
contributes to the work done on the center of mass becauswing leg from the regression. But exclusionGpfgl2 from
movement of the legs also results in movement of the cent&quation 3 will attribute all increases in total external
mechanical power tGtransand none t&eg. Though not
a strict upper bound, the result is likely an overestimate
of Ctrans The results of such a regression are coefficients
Ctrans=0.200+0.012Vkg 1 m= (95% c.i.) and>=0.314+
0.087Wkg1m= (r2=0.96).

External mechanical work measured within a step
may have contributions from elastic energy storage and
return. We consider three potential cases. First, the
external mechanical work for moving the legs (Fig. A1,
leg motion) could be due to storage and return of elastic
energy by hip tendons rather than work performed by
hip muscles (Alexander, 1990; Bennett, 1989). This is
supported by previous theoretical work (Kuo, 2001) and
by our current finding that metabolic cost is not
proportional to work performed on the leg (see
Discussion). Second, positive external mechanical work

as the leg extends just prior to mid-stance (Fig. Al,;
20 20 60 80 1700 rebound) may be due to stored elastic energy during the
collision with ground (Fig. Al; collision). Third,
negative external mechanical work by the stance limb
Fig. AL. (Appendix). Conceptual diagram of mathematical cancellationjust after mid-stance may reflect elastic energy being
between different contributors to external mechanical power.stored in tendon (Fig. Al; preload). The subsequent
Simultaneous positive and negative external mechanical power (brokeslease of this stored energy would contribute to the

line) ist_prcladugeil du”r_in_g double S.Upﬁort due tlo propt)ulséonband Eoléisiog} ositive external mechanical work performed to redirect
respectively. but Colision power in humans aiso extends beyond dou E"e center of mass velocity (Fig. Al; propulsion). These
support, and propulsion power also precedes double support. Externa

power due to leg motion (dotted line) overlaps and mathematicall otential uses for §tprage and return of elastic energy
cancels these quantities in measurements of external power during sindf8PT€Sent opportunities to save on work performed by
support, even though they do not physically interact. The result is thafhuscle fibers and therefore to reduce metabolic cost. If
total external mechanical power (solid line) tends to underestimate th#is reduction is substantial, the measured metabolic cost
positive and negative power associated with both step-to-step transitiog®uld potentially differ from the prediction of
and leg motion. Equation 4. The present study, however, is insufficient

0.2 T T T T

External mechanical power

/
///\-Step-to-step transition

Time (% of step)



to quantify elastic energy storage, which is best measared
vivo (Prilutsky et al., 1996; Biewener and Roberts, 2000).
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