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KUO, A.D, .M. DONELAN, and A. RUINA. Energetic consequences of walking like an inverted pendulum: Step-to-step
transitions. Exerc. Sport Sci. Rew., Vol. 33, No. 2, pp. 88-97, 2005. Walking like an inverted pendulum reduces muscle-force and
work demands during single support, but it also unavoidably requires mechanical work to redirect the body’s center of mass in the
transition between steps, when one pendular motion is substituted by the next. Production of this work exacts a proportional metabolic
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INTRODUCTION

It costs several times the metabolic energy for a human to
walk as it does to bicycle the same distance. Walking is often
likened to the motion of two coupled pendula, because the
stance leg behaves like an inverted pendulum moving about
the stance foot, and the swing leg like a regular pendulum
swinging about the hip. This analogy is used to explain
conservation of energy during walking. In the absence of a
dissipative load, the sustained periodic motion of a pendulum
(or any jointed linkage of body segments) requires no net
mechanical work. The pendulum analogy is attractive for its
simplicity, but it also presents a paradox, because there is no
reason why friction or other dissipation within the joints
should be greater for walking than for bicycling.

Why, then, is walking so much more costly? It is not that
humans have little concern for energy. Walking appears to be
highly optimized with respect to metabolic cost. Humans
prefer to walk at the particular combination of step length,
step frequency, and even step width that is energetically
optimal (2,5,11). Walking is less costly than other human
gaits, even though it still falls far short of wheeled transport.
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The relatively high cost of walking would surely be better
understood if there were a more complete physiological
model of the energetics of work and force production by
muscle than the one that presently exists. But because the
same physiology is shared between walking and bicycling,
part of the answer may lie in physics.

The mechanics of walking require a transition between
pendulum-like phases. In contrast to a wheel, a single in-
verted pendulum can only transport the body’s center of mass
(COM) a limited distance. Humans continue movement by
transferring from one pendulum-like stance leg to the next.
We propose that significant metabolic energy is expended
as a consequence of this transition. Positive and negative
mechanical work must be performed on the COM to
accomplish these step-to-step transitions, and this work
exacts a proportional metabolic cost. This cost is an un-
avoidable consequence of inverted pendulum behavior,
and comprises a substantial fraction of the overall cost of
walking.

The concept of step-to-step transitions in terms of the
mechanics of an ideal, simple inverted pendulum is reviewed.
We formulate a power law describing the major factors that
contribute to transition costs, yielding predicted trends that
can be tested independently from the model. We present
experimental tests of the mechanical work predicted by step-
to-step transitions, as well as tests of a metabolic cost pro-
portional to this work. We then consider additional factors
that might contribute to the overall metabolic cost of walk-
ing, followed by a refined interpretation of our results in the
context of other data from the literature.



Model of Inverted Pendulum with Step-to-Step move upward, to follow the arc prescribed by the leading leg.
Transitions To maintain steady walking speed, the magnitude of the
COM velocity should be the same at the beginning and end

We begin with a simple pendulum model of walking (1) of single support. Still, changing the direction of COM

(Fig. 1), consisting of alternating single- and double-support velocity requires force, produced separately by the trailing
phases, with one and two legs contacting the ground, respec- and leading legs, and directed along each leg. The trailing leg
tively. We assume that the stance leg is straight, and that the will perform positive work on the COM, and the leading leg
dominant inertia is that of the body’s COM, placed at the will perform negative work (Fig. 1c). This is best illustrated
hip. We initially consider an ideal inverted pendulum gait, by allowing the legs to be nonrigid during double support, so
concentrating on the theoretical consequences of such a gait that their lengths can change by a small amount. The rate of
on the transition between inverted pendulum phases (Fig. 1). work is equal to the dot product of the force and velocity
This model can be studied analytically, yet it captures major vectors, and the trailing leg’s force will be directed at an
characteristics of walking. It is also easily augmented with acute angle with the COM velocity, yielding a positive dot
more realistic anthropomorphic features. product. The leading leg’s force will be directed at an obtuse
A leg behaving like a rigid inverted pendulum during angle, yielding a negative dot product. Thus, even if no net
single support (Fig. 1a) will conserve mechanical energy. No work is performed on the COM over the course of the
work is therefore needed to move the COM. The leg can also transition, positive and negative work must be performed by
be kept at full extension with minimal muscle force, so that the separate legs.
all single support could, in principle, come at no cost in terms The mathematical details of the step-to-step transition are
of work or muscle force. But single support only applies over as follows. The simple pendulum model constrains the COM
the distance of a single step. Even if the succeeding step velocity, v, (vectors denoted by the arrow symbol), to be
involves another energetically conservative inverted pendu- perpendicular to the stance leg during single support. During
lum, the transition between steps, in which one pendulum the redirection interval (roughly double support), the accel-
stops and the next starts, must involve mechanical work. eration is the rate of change of v, or from Newton’s Law:
The step-to-step transition (6,10) involves redirection of
the COM velocity (1,9,13) (Fig. 1b) and simultaneous pos- R 1/, - R
itive and negative work by the two legs (7). At the end of one Veom = N p (F tead T F "a“) te [1]
step, the COM is moving forward, but with a downward _ _
velocity component, as prescribed by the pendular arc. By the where F..4 and F,,; are the ground reaction forces from the
beginning of the next step, the COM must be redirected to leading and trailing legs, M is body mass, and g is the
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Figure 1.  Schematic diagram of the simple inverted pendulum model of walking, which requires energy not for pendular motion but rather to redirect
the body's center of mass (COM) between steps. (a) During single support (when one leg contacts the ground), the rigid pendulum conserves mechanical
energy, and the COM can be supported with no muscle force. Consecutive single-support phases are separated by a double-support phase (commencing
with heel strike) as one stance leg is replaced with the next. (b) This is referred to as the step-to-step transition, in which the COM velocity is redirected to
anew pendular arc, from v~ ,,, before transition to v* ,,, after. (c) During double support, the trailing and leading legs perform positive and negative work
on the COM, respectively. Here, the legs may be considered nonrigid to allow for a U-shaped displacement of the COM. The trailing and leading leg forces,
F,,a1and Fi..q, are assumed to be directed along the legs, and are shown separately for the same COM trajectory. The theoretical rate of work is represented
by the relative directions of force and velocity, where an angle less than 90° denotes positive work, and an angle above 90° denotes negative work.
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gravitational acceleration. This equation may be integrated
to yield the change in velocity. Labeling the beginning and
ending times t— and t+, and the corresponding velocities

v ., and 07, respectively, the integral is:

com com

1 t+ R 1 t+ . o+
= MJ Fleaddt""Mf Ftraildt-"—f Edt

t t

[2]
t+
= Flead + Frrailj édt

—

where F|4 and F_, are each leg’s integrated and body
mass—normalized contribution to redirecting the COM. A
convenient simplification is to treat the duration as short
enough that the configuration of the legs is roughly un-
changed, even though there may be nonzero displacement of
the COM. The short duration also means that the gravita-
tional (last) term in equation 2 will be negligible.

The work performed by the legs contributes to the COM
kinetic energy. We begin with a simplified case in which F,,
and F,_ 4 have equal magnitude and are produced both im-
pulsively and in immediate succession, with the trailing leg
pushing off first (Fig. 2). The short duration causes the COM
displacement during double support to approach zero. The
COM kinetic energy before and after each impulse is pro-
portional to the squared magnitude of v, at each instant,
and the work performed by each impulse is equal to the
change in kinetic energy it produces. Each leg’s work is
therefore proportional to the difference in squared velocities.
In this simple model, with pushoff preceding heel strike, the
Pythagorean theorem may be applied to yield the trailing and
leading leg work:

a. Equal Push-Off and Collision

T+
Veom

b. Collision Exceeds Push-Off

1

Wtrail Py M(‘U tana)z

com

[3]
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where v, is the (scalar) COM speed, and « is the half angle
between the legs. The action of the leading leg may be
regarded as a collision, with the force directed along the leg
and performing negative work on the COM (9,10). An equal
magnitude of positive work is performed by first pushing off
with the trailing leg, anticipating the need to restore the
energy lost in the subsequent collision.

The step-to-step transition is optimal when pushoff and
then collision are of equal magnitude and are performed for
short durations. It is theoretically more costly if the legs do
not perform equal amounts of work during double support,
because of additional work needed during single support to
maintain a steady walking speed. For example, a collision
exceeding the pushoff (Fig. 2c) will cause the inverted pen-
dulum to begin the next step more slowly than the previous
one ended, and positive work must then be performed during
single support to make up the difference. This work may be
performed by gravity when walking down a slope (13), or by
active hip torques for level ground (10). In contrast, a pushoff
exceeding the collision (Fig. 2d) will cause the pendulum to
have additional energy, which could be expended in going up
a slope. However, it is the case of equal work contributions
(equation 3) that yields the least overall positive work (10).
It is advantageous not to perform net positive work on the
COM during single support, lest that increase the collision
loss. It is also ideal to minimize the time and displacement of
the step-to-step transition. Greater COM displacement dur-
ing the redirection means more work by each leg against
gravity. More realistic pushoff and collision could occur over
finite time and displacement, and overlap in time, with some
energetic penalty compared with the ideal.

c. Push-Off Exceeds Collision
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Figure 2.  Geometric diagram of COM velocity redirection by trailing and leading legs. The velocity vector V.., changes during double support because
of the forces applied along the legs, separated by angle 2a. The theoretical work performed by each leg per step is proportional to the square of the
integrated and mass-normalized forces F,,.; and F..4 (see equation 2), with positive pushoff work WA by the trailing leg and negative collision work W™
by the leading leg (shaded regions). (a) If pushoff is equal to collision magnitude, the total amount of positive and negative work is minimized, and no work
need be performed during single support. (b) If the collision exceeds the pushoff, the next step begins with smaller velocity. To maintain steady walking
speed, velocity can be increased (by an amount Av) by performing additional positive work during single support, or by walking downhill. (c) If pushoff
exceeds collision, additional negative work is needed during single support to slow the pendulum (e.g., by walking uphill. In both of the latter cases, more
overall positive or negative work must be performed than with equal pushoff and collision magnitudes, shown here by the smaller areas of the shaded
regions in (a), compared with those in parts (b) and (c).

90 Exercise and Sport Sciences Reviews WWW.acsm-essr.org



More realistic models, and even physical machines, have
dynamics similar to the simple model presented. This in-
cludes models with a trunk, knees, different foot configura-
tions, and anthropomorphic mass distribution (13). Some of
these models have been applied to design of physical walking
machines (4,13), demonstrating that the theoretical me-
chanics and energetics described here also apply to the real
world. The models’ collision dynamics can also be scaled for
a wide variety of mass and length scales (9,10). Knees have
little effect on step-to-step transitions (9), although they are
helpful for gaining ground clearance and speeding the swing
phase (13). A rigid, curved foot that rolls along the ground
and causes the center-of-pressure point to translate forward
during single support can reduce the coefficient of propor-
tionality in equation 3, but not its form. Inclusion of frontal
plane dynamics, with an anthropomorphic pelvis width, also
causes step-to-step transition work to depend on step width
(12). Even with all of these features, the predicted work from
each leg is still well approximated by:

Wew < M, tana)?

com

Wia & M(v,, tana)? - [4]
The robustness of equation 4 to model features and param-
eters makes it well suited to experimental testing. We test for
trends in rates of work as a function of an independent
variable, rather than testing for a coefficient of proportion-
ality that is highly sensitive to model variations.

Measurement of Step-to-Step Transitions with
Center-of-Mass Work

The work performed on the COM in step-to-step transi-
tions can be estimated experimentally (7). COM work is
equal to the work performed by external (i.e., ground reac-
tion) forces as if they moved through displacements of the
body’s COM (3,7), even though it is the muscles that actually
perform the work. A drawback is that COM work (also called
external work (3,10)) does not capture work for motions
relative to the COM (often referred to as internal work),
which we assume to be small during double support. It might
therefore be preferable to use the actual work performed by
muscle fibers as a more direct indicator of metabolic cost.
However, the external forces F,_,q and F,,; are far simpler to
measure than the muscle forces and lengths that are needed
to evaluate muscle fiber work. COM work also has an ad-
vantage. Because the mechanical energy of the COM is
influenced only by COM work (10), changes in energy of a
simple pendulum may be examined through this measure
alone.

Measured COM work can quantify the separate contribu-
tions of the two legs. If leading and trailing leg work on the
COM is performed simultaneously, it is possible for the net
COM work to be zero, even though metabolic energy may be
expended within each leg. We therefore define the individ-
ual-limb method (ILM) (7) for quantifying the individual
limbs’ contributions to net COM work W .:
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WC“"‘ = J Flead : E))com dt + j Ftrail . q_;com dt

[5]
Plead dt + Ptrail dt

= Wlead + Wtrail

where P4 and P,.,; are the instantaneous power or rate of
COM mechanical work (Fig. 3a), and W, and W,_.,; are the
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Figure 3.  The individual limbs perform simultaneous positive and neg-

ative work on the body’s center of mass (COM). (a) Measurements of
instantaneous COM work rate over a gait cycle show positive “pushoff”
work performed by the trailing leg starting just before heel strike and
continuing over double support. Negative “collision” work is performed
by the leading limb over slightly more than double support, in amounts
increasing with walking speed (shaded areas). Simultaneous work redi-
rects the COM between successive single-support phases. Some COM
work is also performed during single support (6), in phases labeled “re-
bound” and “preload”. (b) The average rates of positive and negative
work over a full step (filled symbols) and over double support alone (DS,
unfilled symbols) all increase with walking speed. The amounts are com-
puted by integrating positive or negative instantaneous power over these
intervals and then multiplying by step frequency. For example, DS negative
work is equal to the area of the shaded region of part (a). Data shown are
from 10 normal human subjects (7), and are averaged and plotted in
dimensionless units (right axes), with more familiar units (W-kg~") shown
for convenience. Gait cycle consists of a full stride (two steps) commencing
with heel strike. Double support occurs over approximately the first 10%
of the gait cycle, and opposite-leg heel strike occurs at 50%.
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work per step for each leg. The integrals in equation 5 can be
evaluated only for times of positive or negative work. They
can additionally be restricted to just the double-support
phase (when most of the redirection is expected to occur), or
to an entire step. We divide these measures by step period to
yield average rates of positive or negative work, for either
double support or entire steps.

Empirical data (Fig. 3b) show that the legs’ separate work
contributions during the double-support phase of normal
human walking are quite substantial, and nearly equal in
magnitude (7). At a typical walking speed of 1.25 m's™ 1,
approximately 15.4 = 2.6 ] (mean = SD for 10 normal
subjects) of positive COM work is performed by the trailing
leg during double support for each step (pushoff in Fig. 3a).
Approximately 12.4 = 3.1 ] of negative work is simulta-
neously performed by the leading leg (collision). Both of
these contributions increase with walking speed, as would be
expected from equation 4. At any speed, the separate con-
tributions nearly cancel each other, meaning that the body’s
COM experiences a relatively small change in mechanical
energy compared with the work exertions of each leg. A
closer observation reveals that the trailing leg pushoff begins
slightly before double support, and the leading leg collision
extends slightly beyond double support. Judging from COM
mechanical power, redirection of the COM might occur over
an additional 24 ms before (2.2% of gait cycle) and 40 ms
after (3.6%) the typical double-support interval of approxi-
mately 150 ms (13.6%), for a walking speed of 1.25 ms~ L As
speed increases, pushoff commences earlier in the stride,
whereas the collision becomes slightly shorter. The overlap
betwc;:en the two is least at 2.00 m's™ ', and greatest at 0.75
ms .

Not only individual limbs’ COM work measured over
double support increases with speed; the COM work evalu-
ated over the entire step also increases (7) (Fig. 3). The
leading leg collision is followed by a single-support phase,
which begins with a brief period of positive work as the leg
extends and the COM appears to rebound (Fig. 3a). Single
support then concludes with a similar period of negative
work, labeled preload, that precedes the positive work of
pushoff. The work of the rebound and preload intervals
increases with speed along with the collision and pushoff, and
both may be consequences of step-to-step transitions, even
though the simple model did not anticipate these intervals
(discussed later).

Overall positive COM work per step is approximately 21.7
+ 2.2 ] at 1.25 ms” !, with an equal magnitude of negative
work at steady speed. In dimensionless terms, the mechanical
cost of transport (positive COM work over a step, divided by
body weight and distance traveled) is 0.049 = 0.005.

Comparisons of Center-of-Mass Work
Measurements and Metabolic Cost

The theory of step-to-step transitions makes testable pre-
dictions regarding mechanical work and metabolic cost. The
overall energetic cost of walking may contain other compo-
nents, such as for supporting body weight or moving the legs
with respect to the body (11). However, if these components
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can be controlled, then step-to-step transition work can be
isolated under experimental conditions. This work also
would be expected to exact a proportional metabolic cost. As
discussed, the trends in equation (4) are robust to a variety of
model features and parameters. Here, we examine two meth-
ods for testing these trends by varying step length and step
width. These yield four predictions: the rate of mechanical
work performed on the COM will increase with 1) the fourth
power of step length and 2) the second power of step width,
and 3) and 4) metabolic rate will increase proportionately
with mechanical rate for both of these cases.

Varying step length alone, COM work rate and metabolic
rate are predicted to increase roughly with the fourth power
of step length. Keeping step frequency f fixed, walking speed
v = f X [ will increase proportional to step length [. The
average rate of negative work, denoted W ™), is then pre-
dicted to be the work per step from equation 4, multiplied by
step frequency f. (We use the term “rate of work” rather than
the equivalent “mechanical power” to avoid confusion with
terms such as “fourth power of step length.”) In terms of step
length and frequency, the prediction is:

varying step length: W oMf[*, [6]

assuming that v ~ v~ . The rate of positive work W™ is
predicted to be of the same magnitude as W ). The meta-
bolic rate E is predicted to be proportional to both:

varying step length: ExMfI*, [7]

with the exception of a small additional term in work rate
over a step, increasing with the square of step length (6). This
term is from the swing leg’s contribution to COM work
during single support, and is not included in double-support
W or in E (11). Other costs, such as for supporting body
weight or moving the legs, would be expected to add an offset
term to equation 6 or 7, which changes very little with |
increasing and f fixed.

Another means for manipulating step-to-step transitions is
to vary step width while keeping step length and frequency,
and thus speed, fixed (5). This yields predictions that COM
work rate and metabolic rate will increase with the square of
step width. In the frontal plane, the pushoff and collision
mechanics remain the same as described in equation 4, ex-
cept that step width w, rather than length, is interpreted as
proportional to a. The velocity ¥, is dominated by for-
ward walking speed, and bears much less dependence on step
width (5). Keeping step length and frequency fixed, the
predicted dominant terms for rate of work and metabolic cost
are:

varying step width: W) o« Mo?f - w? [8]
varying step width: E & Mo*f - w? (9]

where { and [ are kept fixed. As with equations 6 and 7,
constant offsets may be added to the proportionalities, re-
flecting other potential costs that are presumed not to vary
with experimental conditions.

Experimental results from normal humans walking under
these varying conditions (Fig. 5) are consistent with these
predictions. The measured rate of COM work performed

WWW.acsm-essr.org



during double support increases approximately with W oc [*
when speed increases proportional to step length and step
frequency is kept fixed (R? = 0.96; R? indicates degree of
variability about each curve fit), and approximately with W
« w® when only step width is varied (R* = 0.86). The rate
of work over an entire step also increases with similar rela-
tionships for W o« [* (R? = 0.97) and W o« w? (R? = 0.83),
but with different proportionalities. This confirms the obser-
vation that step-to-step transition work is not confined to
double support alone. And, as discussed, it also might not be
confined to pushoff and collision intervals.

Each leg’s COM work appears to be performed at a met-
abolic cost. For variations of both step length and step width,
the measured metabolic rate is approximately proportional to
the rate of COM work (Fig. 5). We report here the net
metabolic rate, measured from total oxygen consumption rate
during walking, subtracting the rate for quiet standing. As
with work, net metabolic cost increases approximately with
E o [* (R* = 0.95) when varying step length, and E « w?
(R? = 0.91) for step width. Over the step lengths shown,
metabolic cost ranges from 78 to 276% of the nominal rate at
1.25 m's~'. With changing step width, metabolic cost in-
creases up to 43%, ranging from 2.4 to 3.4 W-kg ! For
reference, the nominal net metabolic rate at 1.25 m-s™ ' is 2.3
+ 0.3 W-kg™ !, for a dimensionless net metabolic cost of

a. Effect of Step Length on Push-Off Work

Figure 4.

transport (energy per weight and distance traveled) of 0.19 =
0.02.

These combined results are interlinked. The mechanical
work curves appear individually (Fig. 5), but should be con-
sidered to be alternate views of a single surface (Fig. 4c). It
may not be surprising for any single measure of gait to change
when an independent variable is manipulated. However, the
results shown here vary in different ways with step length and
step width and, more importantly, with trends predicted from
a single model of step-to-step transitions. The metabolic rates
vary in a similar manner, approximately proportional to the
mechanical work rates.

We use these results to estimate the contribution of step-
to-step transitions to the net rate of metabolic energy expen-
diture during walking at 1.25 m's~'. We assume that double
support is a suitable interval for evaluating step-to-step tran-
sitions, and that all of the positive work is performed actively
with an efficiency of 25% (6). The negative work could be
performed passively at no cost, or actively at an efficiency of
—120%. Adding these contributions yields a crude estimate
for the cost of step-to-step transitions, of approximately 60 to
70% of the net metabolic cost of walking at 1.25 m-s™ L.

It may also cost energy to move the legs back and forth
relative to the body. We previously hypothesized that such a
cost might act as a tradeoff against step-to-step transitions

c. Predicted Work Rate

"

o
4R

002

Rate of COM Work

0.5

g“_\-\ (0}

Predictions of step-to-step transitions for changing step length and width. (a) Walking with increasing step length and fixed step frequency

theoretically requires pushoff work to increase sharply (6), because the body’s center-of-mass (COM) velocity increases in magnitude, and the angle through
which it must be redirected also increases. (b) Walking with increasing step width and fixed step length and frequency also requires increasing pushoff (5),
but to a lesser degree because the magnitude of collision velocity is dominated by the (fixed) walking speed, and therefore changes little. Step width does,
however, contribute to the change in direction of COM velocity, so that the rate of work performed on the COM is predicted to increase approximately with
the square of step width. (c) Predicted work rate is actually a function of both step width and step length, represented as a surface. Variations of step width
alone and step length alone yield separate curves along the surface equations 6 and 8, with a larger predicted cost for step length (increasing with the fourth
power). Step length and step width are shown as a fraction of leg length L.
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Figure 5.  Experimental results comparing measured mechanics (top) and metabolics of walking (bottom) vs increasing step lengths (left) and step widths
(right), against predictions for step-to-step transitions. Upper left shows that average rate of mechanical work performed on the body’s center of mass
(COM), W, increases approximately with fourth power of step length (accounting for leg motion in an additional squared term (6)), keeping step frequency
fixed. Upper right shows that work rate also increases approximately with the square of step width as predicted (Fig. 4), keeping step length and frequency
fixed. Both total work measured over a step (filled symbols) and negative work measured over double support (DS, unfilled circles) change with condition,
indicating that work related to step-to-step transitions is not limited to double support alone. Bottom row shows that net metabolic rates (subtracting the
cost of quiet standing) also increase approximately proportional to mechanical work rates, indicating a proportional cost for step-to-step transitions. All data
are plotted in dimensionless units (right and top axes), but scaled to more familiar dimensional units (left and bottom axes, scaled by the mean
nondimensionalizing factor) for convenience. The curve fits are derived from the model predictions of equations 6-9. Increasing step lengths were applied
as fractions of each subject’s preferred step length /* at 1.25 m-s™", and increasing step widths as fractions of each subject’s leg length, L. The parameters
Cand D are coefficients, different for each curve, whose values were derived from curve fit rather than from models. Data are from two separate studies

(5,6) with 9 and 10 subjects, respectively, recomputed here using a single consistent procedure.

(10,11). The high cost of step-to-step transitions alone would
favor walking at very short steps and high step frequencies.
Periodic actuation of the opposing hips for this purpose could
thereby reduce step-to-step transition costs. Walking could
then resemble the rolling of a wheel (13), except for the
difficulty of moving the legs quickly. In humans, the meta-
bolically optimum step length does not occur at very short
steps, indicating a cost that increases sharply with step fre-
quency (11) and that trades off against step-to-step transi-
tions. We hypothesized that forcing the legs to move quickly
would exact a substantial metabolic cost increasing sharply
with frequency (specifically, a rate proportional to f* X I).
The activity of the hips can be interpreted as having two
components. One is analogous to springlike actuation caused
by a combination of muscle and tendon, most likely exacting
a metabolic cost for moving the legs relative to the body. The
second is nonspringlike, net positive work performed by the
hips over a stride, which may ultimately contribute to push-
off, and would therefore be included in step-to-step transition
costs.

There are surely other metabolic costs for walking not
considered here. Lateral leg motion and step variability
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associated with stabilizing balance might also exact a meta-
bolic cost (12). They appear to act in concert with the step
width dependency (Fig. 5) to explain why the preferred step
width is energetically optimal (6). Other possible costs might
be for supporting body weight, balancing the trunk, or ac-
tively moving the arms during walking. These contributions
are by no means exhaustive, nor will they necessarily sum
linearly. However, they also appear not to change signifi-
cantly under the experimental conditions considered here.

Refined Conceptual Model

The measures used thus far show when mechanical work is
performed on the COM, but not which joints or muscles
perform this work, nor when or whether this work is per-
formed actively by muscle fibers. In human walking, COM
redirection occurs over a period longer than double support
and with nonzero displacement, and the single-support phase
never behaves exactly as an inverted pendulum. Insight into
these behaviors, as well as the possible muscular sources of
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work, can be gained by comparing our results against joint-
power data published by Winter (15).

Here, we examine joint power (resultant joint moment
multiplied by joint angular velocity) for normal walking, in
the context of the four intervals of the stance phase (Figs. 3a
and 6), demarcated by sign changes in the instantaneous rate
of individual-limb COM work (6). We propose interpreta-
tions of a few aspects of joint power that can be related
directly to our simple model, cautioning that these interpre-
tations are necessarily descriptive rather than prescriptive.
For convenience, we take “muscle” and “tendon” to mean the
active contractile component of muscle and series elastic
components, respectively. We also define “midstance” to
mean the instance between rebound and preload, when the
stance leg is approximately vertical and the knee is near its
maximum extension.

Collision

The collision phase refers to the interval after heel strike
when substantial negative COM work is performed by the
leading leg. Negative work is actively performed first at the
ankle joint, and then at the knee, but in summed amount
insufficient to account for work performed on the COM. Much
of the negative COM work is therefore likely not attributable to
joints or muscles of the leading leg.

Some of the negative work might be performed elsewhere,
most obviously by the shoe, heel pad, and plantar ligament,
but also in the damped motion of fat, viscera, and muscle.
Nonrigid or wobbling mass accounts for the majority of body
mass. It plays a major role in passively dissipating energy
during running and jumping, one that might also apply to
walking. Unfortunately, this dissipation is difficult to quan-
tify theoretically or empirically. Rigid body inverse dynamics

Phases:

a.Work Performed: Joints vs. COM

(Collision ®@Rebound @ Pre-Load
Hip Neg LY
work
Knee: Pos
work
Neg
Ankle: work
COM: Neg work Pos work Neg work
Leading leg shortens,  Stance leg nearly Achilles tendon may
performs negative straightens by store elastic energy
work on COM mid-stance from IP motion
Figure 6.

® @0 @

--~..__.;_---___-__---._-..-___,

methods can only assign dissipation to modeled degrees of
freedom, and the addition of more degrees of freedom,
especially for soft tissues, demands parameters and data that
are exceedingly difficult to determine or verify. Here, the
nonparametric nature of COM work measurements comes to
advantage, because they require only knowledge of external
forces, and the integrated forces can capture soft tissue con-
tributions to COM motion. Measured COM work does not
quantify total energy change, but it may quantify the nega-
tive work associated with collisions better than the present
alternatives.

Rebound

Rebound is characterized by positive COM work, as the
stance leg extends before midstance. Some of this work
can be attributed to extension of the stance knee. Quad-
riceps muscles are active during this interval, indicating
extensor force and quite possibly work. But the loading
conditions and timing also admit the possibility of some
elastic rebound at the knee, to an unknown degree. Re-
bound of the knee, whether elastic or not, can be consid-
ered a direct consequence of the collision, because the
amount of extension will largely be dependent on the
amount of flexion occurring during collision. This may
explain why the rebound work rate increases with the
collision work rate (Fig. 3).

There may be tradeoffs in the amount of rebound exten-
sion desirable. A fully extended knee minimizes the force
needed to support body weight at midstance, but reaching
that state likely requires work. This tradeoff means that
metabolic cost is likely minimized with less than full exten-
sion at midstance.

| COM trajecto,, D+ INstantaneous Work Rates
prmmm——— : : : : 9

®

by

&

T

[*}

=R
Knee Hip

2Wikg

Ankle

COM

Pos work

Trailing leg lengthens as
ankle performs positive
work to push off

100%

Refined conceptual diagram for a stance phase, divided into four subphases. (a) Major instances of work for the joints and the body’s center

of mass (COM) are shown along with the sagittal plane COM trajectory (1). During the collision, the COM undergoes displacement as negative work is
performed actively at the ankle and then the knee, and passively throughout the body (2). The stance leg then rebounds slightly before midstance, with
some positive work performed at the knee (3). Preload is characterized by continuing negative work at the ankle, possibly slowing pendular motion and
storing elastic energy for the ensuing pushoff (4). This pushoff is mostly powered by the ankle joint, with elastic energy potentially playing a large role.
Arched arrows denote direction of joint torque when substantial joint power occurs. (b) Also shown are typical joint-power trajectories (after Winter (15)),

as well as the instantaneous rate of COM work from Figure 3.
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Not all of the COM work observed during rebound occurs
at the knee. Some work may instead be attributable to the
hips (6). They perform net positive work that moves the
swing leg with respect to the body and accelerates the in-
verted pendulum. The term “rebound” therefore roughly
refers to a time interval during which the knee extends after
being flexed, where the amount of COM work performed
during this interval is not all performed at the knee, and not
necessarily elastically.

Preload

After midstance, preload is characterized by negative COM
work, which can largely be attributed to the ankle joint. Sub-
stantial work is likely performed on the Achilles tendon (8),
such that the muscle fibers may actually be isometric, or even
perform positive work. Elastic energy storage provides three
potential advantages. First, it may allow the work for pushoff to
be performed over a long duration including both rebound and
preload, rather than during pushoff alone. Second, it allows
pushoff energy to be derived not only from ankle muscles but
also from the inverted pendulum motion. Temporal and spatial
distribution of pushoff work might allow muscle to perform at
optimum efficiency, avoiding the need to produce high forces
for short durations and low efficiency. Finally, slowing of the
inverted pendulum not only stores energy, but also reduces the
COM velocity so that less energy is lost at collision. Preloading
may ultimately allow the net positive work generated by the hips
over a stride to contribute substantially to pushoff. These various
mechanisms may explain why the preload work rate increases

with the pushoff work rate (Fig. 3).

Pushoff

Positive COM work during pushoff is almost entirely at-
tributable to the ankle joint. The knee and hip joints perform
little net work over this interval, whereas the stance-leg
ankle produces the largest single burst of positive work in the
entire stride. As stated, some or even all of this positive work
may result from elastic energy stored in tendon. But even if
the tendon performs most of pushoff, there are several reasons
why muscles might actively perform work to store that energy
elastically. First, the energy lost at collision cannot be regen-
erated by muscle, and only a fraction is likely stored and
returned elastically, meaning that active work must restore
that energy. Second, the proportionality between step-to-
step transition work and metabolic energy also indicates that
much of pushoff is actively powered. Elastic energy storage
can obscure the timing and even the source, but it is never-
theless likely that some muscles, not necessarily the ankle
extensors alone, perform the work for pushoff, and at sub-
stantial metabolic cost.

Other Considerations

We briefly consider the swing phase, which is dominated
by pendulum dynamics (14), but with significant muscle
activity at both the beginning and end of swing. Some of the
active hip torque may be springlike in the sense of speeding
the pendulum motion (11) without performing much net
work over a stride. Elastic tendon may contribute to this
motion, reducing the muscle work (but not force) needed to
speed and slow the limb. But whether work or force domi-

96 Exercise and Sport Sciences Reviews

nates, actively moving the legs back and forth must cost
metabolic energy. Examination of hip power also reveals that
the hip performs net positive work over a stride, possibly
contributing to COM motion, and ultimately to pushoff
through the energy storage described.

Reexamining these interpretations, it is apparent that
work performed at a joint does not necessarily indicate which
muscles perform work, or when. Pushoff might even be par-
tially powered by the positive work performed by hip flexor
muscles during collision and rebound, directly accelerating
the inverted pendulum. The COM energy might then be
stored in Achilles tendon as the ankle extensors activate
during preload phase, culminating with release of that energy
at pushoff. Performing positive work by multiple muscles, and
for relatively long durations, might reduce the demands for
peak muscle force and power, perhaps allowing the muscles to
operate at higher efficiency and to avoid fatigue.

Given these refinements, the reality of human walking
might differ in many details from inverted pendulum arcs.
Almost the entire gait cycle is spent in some combination of
either redirecting the COM velocity, or recovering from or
preparing for it. This may reflect competing mechanical and
metabolic demands. Step-to-step transitions are mechani-
cally the least costly if pushoff is performed impulsively at
high forces and short durations, whereas muscle is most
metabolically efficient at moderate forces exerted over mod-
erate durations. Such tradeoffs imply that the simple pendu-
lum is not quite a biological ideal. Energy is expended, not in
the vain attempt to emulate the ideal, but rather to reconcile
the unavoidable step-to-step transitions associated with a
pendulum against presumably higher force and work require-
ments for nonpendular motion.

CONCLUSION

The simple pendulum model predicts energy expenditure
not for pendulum motion itself, but rather for the transition
between steps. Work is required to redirect the COM be-
tween pendular arcs, with positive work performed by the
trailing leg just before or simultaneous with negative work by
the leading leg. Experimental results indicate that most of
this work occurs during double support, but with pushoff
beginning before this interval and collision continuing be-
yond it, all with proportional metabolic cost. COM work is
also performed before and after midstance, some of it a
consequence of collision and pushoff. Both the rates of this
work and of metabolic energy expenditure increase approx-
imately with the fourth power of step length and the second
power of step width. Step-to-step transitions appear to be
significant not only in their direct contributions to the en-
ergetics of walking, but also in explaining why humans prefer
certain gait parameters for step length, width, and frequency.

Despite its simplistic nature, this model provides useful
insight into human walking. Step-to-step transitions explain
why mechanical energy must be dissipated in the periodic
motion of the limbs, and this dissipation requires that posi-
tive work must then be performed to restore the energy lost.
This hardly constitutes a full explanation of the metabolic
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cost of walking, but it offers quantitative predictions sup-
ported by simple accessible models and experimental tests
made through relatively simple measurements. These mea-
surements suggest a substantial metabolic cost associated
with step-to-step transitions as a major consequence of walk-
ing like an inverted pendulum.
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