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Abstract
We tested whether the metabolic energy cost of walking with the ankles immobilized can be
comparable to normal walking. Immobilization of any lower extremity joint usually causes greater
energy expenditure. Fixation of the ankle might be expected to eliminate the work it normally
performs, to detrimental effect. But fixation using lightweight boots with curved rocker bottoms can
also bring some benefits, so that the overall energetic effect might be quite small. We measured
oxygen consumption, kinematics, and ground reaction forces in six (N = 6) able-bodied human
volunteers walking at 1.25 m·s−1 in three conditions: Normal walking in street shoes, walking with
ankles immobilized by walking boots, and normally with ankles free but also weighted to match the
mass of the walking boots. We estimated metabolic energy expenditure, joint work, and overall work
performed on the body center of mass as a function of ankle fixation. Ankle fixation with walking
boots caused the total rate of energy expenditure for walking to increase by 4.1% compared to normal
(P = 0.003), but by an insignificant amount (P = 0.78) compared to walking with equivalent ankle
weight. Compared to normal walking, ankle fixation can reduce ankle torque and work during the
stance phase, most notably during late stance. This apparently makes up for the loss of ability to push
off as normal. With a suitably lightweight apparatus and curved rocker bottom surface, loss of ankle
motion need not increase energy expenditure for walking.
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Introduction
Fixation of the ankle is usually detrimental to walking economy. Compared to normal walking,
ankle immobilization has been reported to result in greater metabolic energy expenditure,
whether following arthrodesis1, amputation2, or fitting of ankle braces3, walking casts4, 5, or
orthoses5. For walking at the same speed, the increase is 9 – 15%3, 5. Subjects with fixed
ankles typically choose to walk more slowly than normal and expend about the same amount
of energy, with a cost of transport (energy divided by weight and distance traveled) increasing
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by about 10% following arthrodesis1, 6, and 26% for normals wearing an ankle cast. A large
increase in energy expenditure might be expected, given the ankle’s prominent role in walking.
The peak plantarflexion torque produced during stance is about double that of any other active
joint torque7. The ankle also produces the largest burst of positive joint power, also with a peak
about double that of the knee and hip. Given these contributions, it is perhaps curious that ankle
fixation causes energy expenditure to increase by as little as 10%.

The intact ankle appears to operate quite economically, but this function may nonetheless come
with costs. Humans normally produce active plantarflexion torque in the ankle during the
second half of the stance phase7. This torque performs negative and then positive work about
the ankle. Although some of this work may be performed elastically8, there must be muscular
effort associated with the plantarflexion torque and active work. This effort may be
energetically costly despite resulting in relatively little net work over a stride9.

In terms of kinematics, the entire foot-ankle-shank complex appears to function very similarly
to a rigid body rolling upon a curved surface. Observations of the forward progression of the
center of pressure on the ground show that normal walking resembles rolling with a radius of
curvature equal to about 30% of leg length10, 11. Such a curved surface might be a suitable
substitute for the intact ankle: It is standard clinical practice to restore walking function
following ankle fusion with rigid-sole rocker bottom shoes12. Rocker bottoms have been
demonstrated to redistribute plantar foot pressures13, 14 and improve gait kinematics15 and
functional performance16. Few studies, however, have examined their effect on energy
expenditure.

We previously studied how different rollover curvatures affect walking with ankles fixed (see
Figure 1a), examining how they affect the mechanical work performed on the body center of
mass (COM) and the overall metabolic energy expended by able-bodied human
participants17. We added different arc-shaped rocker bottom surfaces to a pair of walking boots
that fixed the ankle joints (Figure 1b). Curvatures close to 30% of leg length allowed
participants to walk at the same speed as normal but with decreased mechanical work performed
on the COM by the individual legs. Less work did not, however, result in lower metabolic
energy expenditure. Expenditure actually increased compared to normal (Figure 1c), more
consistent with other reports concerning ankle fixation5. But the increase we observed was
within the range expected from walking with added mass at the ankles, due to the weight of
the apparatus we used to fixate the ankles and apply the rocker bottom curvature17. Given a
proper rocker bottom shape, it appears possible for ankle fixation to have no detrimental effect
on energy expenditure other than added mass.

The purpose of the present study was to compare walking with fixed ankles against normal
walking while controlling for added mass. We expected that walking with ankles fixed by a
suitably lightweight apparatus with comfortable rolling surface would have some advantages
over normal walking, such as decreased need to produce active ankle torque and to perform
work on the COM. On the other hand, we also expected that normal ankle function would have
advantages that justify its use in normal walking. It is unclear, however, which set of advantages
must prevail. Our previous observations17 led us to expect very little difference in energy
expenditure between the two cases.

Materials and Methods
We compared the energetics and mechanics of able-bodied human participants walking with
normal ankle function vs. walking with ankles bilaterally fixed by walking boots. We measured
oxygen consumption to quantify metabolic energy expenditure, and joint powers and work
performed on the COM to quantify gait mechanics. The comparisons were all made for a single
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walking speed but in two sub-studies, one with energetics data recorded during treadmill
walking and the other with mechanics measurements conducted during overground walking.
The effect of the mass of walking boots was also examined, through the addition of ankle
weights to otherwise-normal walking.

A total of eleven adult male participants (aged 22 – 40 yrs) participated in the entire study. All
participants provided informed consent according to University institutional review board
safety procedures, and all were considered to be nonpathologic ambulators in good health. Six
(N = 6, body mass 80.2 ± 7.0 kg, leg length 0.915 ± 0.058 m, mean ± SD) of the participants
participated in the energetics trials, and eight (N = 8, body mass 75.9 ± 7.7 kg, leg length 0.934
± 0.073 m) participated in the mechanics trials (with three subjects participating in both). All
walking trials were conducted at a speed of 1.25 m/s.

Energetic cost was measured for three walking conditions, comparing normal walking against
walking with ankles fixed and normal walking with ankle weights, hereafter referred to as
Normal, Ankles Fixed, and Ankles Weighted conditions, respectively. Normal walking trials
were conducted while participants wore the street shoes they were using that day (mass 411 ±
34 g each). Ankles were immobilized using Aircast Pneumatic Walker (Aircast Inc., Summit,
NJ USA) Boots size Large, hereafter referred to simply as “walking boots” (mass 1120 ± 3 g
each). These are commonly prescribed to fixate ankles following ankle and foot injuries, and
were selected because they are lightweight and provide a curved rocker bottom surface that
appears comfortable to walk on. The Boots contain air bladders that help to immobilize the
foot; these were inflated according to manufacturer guidelines. During Weighted conditions,
participants wore adjustable ankle weights (Style #300 ankle cuffs, All Pro Exercise Products
Inc., Longboat Key, FL, USA). Appropriate amounts of mass were added, in increments as
small as 10 g, so that the total mass including street shoes was close to that of the walking boots
(mean total mass for Ankles Weighted condition 1123 ± 17 g). This accounted for the mass
but not the higher rotational inertia of the boots.

For energetics trials, we measured the rate of oxygen consumption (V̇O2 in ml O2/sec) and
carbon dioxide production (V̇CO2 in ml CO2/sec) using an open-circuit respirometry system
(Physio-Dyne Instrument, Quogue, NY). Each trial lasted at least seven minutes, including at
least three minutes to allow participants to reach steady state, followed by three minutes of
data recording for average V̇O2 and V̇CO2 during steady state. Metabolic rates Ė (in W) were
estimated with the standard formula18

We also measured each subject’s metabolic rate for quiet standing in a separate trial of the
same duration, and subtracted it from the rate for walking to yield a net metabolic rate. All
conditions, including quiet standing, were conducted in random order. Respiratory exchange
ratios were less than unity for all participants and conditions, indicating that energy was
supplied primarily by oxidative metabolism in all test conditions. No metabolic data were
collected during overground walking.

For mechanics trials, we measured kinematics and ground reaction forces as participants
walked over ground-embedded force plates in the Ankles Fixed and Normal conditions.
Kinematic data were recorded with an 8-camera motion capture system (Motion Analysis
Corporation, Santa Rosa, CA) at 120 Hz. Force data were recorded at 1200 Hz with two force
plates (AMTI, Watertown, MA) placed in tandem. Speed was measured with two photogates,
positioned 2.5m apart; trials were discarded if actual walking speed was not within 5% of the
desired speed of 1.25 m/s. We recorded 5 successful trials per condition for each subject. For

Vanderpool et al. Page 3

Gait Posture. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



inverse dynamics analysis, a set of 29 motion capture markers were placed bilaterally on the
lower extremity. Marker locations comprised the fifth metatarsal of the foot, the heel, the
medial and lateral malleolli, the medial and lateral epicondyles of the knee, the greater
trochanter, the anterior superior iliac spine, the sacrum, and a three-marker cluster on each
thigh and shank. Markers were placed in the same relative locations on the walking boots as
they were on normal street shoes, with no different assumptions regarding ankle motion.

Analysis
We computed joint powers and the work performed on the COM for all conditions.
Commercially available gait analysis software (C-motion Visual 3-D: Rockville, MD) was
used to calculate bilateral ankle, knee, and hip joint torques, powers, and work for each
overground walking trial, taking into account the mass of the walking boots as appropriate.
The velocities and torques were low-pass filtered at 12 Hz as part of this analysis.

We used ground reaction forces to compute the rate of work performed on the COM by each
leg, defined as the vector dot product of each leg’s ground reaction force against the COM
velocity19, 20. COM work is helpful for quantifying how much positive work is performed
during push-off and how much negative work is performed during the collision of the leading
(swing) leg with ground20. Joint work was computed for the sagittal plane, whereas COM
work was computed in all three spatial dimensions. Each trial was normalized in duration to
percent gait cycle and averaged for each subject. All torque, power, and work quantities were
analyzed in dimensionless form, to help account for variations in subject size. Torque, power,
and work quantities were normalized by each subject’s body weight and leg length (MgL, where
M is body mass, g is gravitational acceleration, and L is leg length), with the additional factor
of g0.5L−0.5 (the leg’s pendulum frequency) for power. Averages computed across participants
used dimensionless variables. We also report most variables in more familiar dimensional units
such as W·kg−1 for metabolic rate, converted by multiplying each dimensionless variable
against the appropriate average normalization factor.

We statistically compared several outcome variables that summarize the energetics and
mechanics. We compared net metabolic rate, total positive and negative joint work per stride,
and COM work during four gait phases. Joint work per stride was defined as the time-integral
of the joint powers over the intervals during which they were positive, with a corresponding
measure for negative joint work). COM work was defined as the integrated work during phases
termed push-off, rebound, pre-load, and collision, delineated by the major zero-crossings of
COM work rate21. For energetics data, statistical comparisons were made with repeated
measures ANOVA for each variable, with a significance level α of 0.05. Where differences
were significant, post hoc comparisons were performed using paired, two-tailed t-tests,
controlling for family-wise errors with a multiple-comparison α of 0.05. For mechanics data
where there were only two conditions, we conducted paired, two-tailed t-tests with an α of
0.05.

Results
In Normal walking trials, participants consumed an average of 16.0 ml O2/sec (± 1.8 standard
deviation, SD) and produced 12.7 ml CO2/sec (± 1.6 SD). The corresponding quantities for
quiet standing were 4.6 ml O2/sec (± 1.0 SD) and 3.7 ml CO2/sec (± 0.7 SD). The total metabolic
rate for normal walking was therefore 4.0 ± 0.3 W·kg−1 or 0.130 (dimensionless, ± 0.010 SD),
with a net metabolic rate of 2.8 ± 0.2 W·kg−1 or 0.092 (dimensionless, ± 0.007 SD).

Walking in the Ankles Fixed and Weighted conditions (see Figure 2) resulted in small but
statistically significant increases in energy expenditure (P = 0.014, repeated measures
ANOVA). The Fixed condition resulted in a 4.1% increase in total metabolic rate (P = 0.0026,
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post-hoc paired, two-tailed t-test), and the Weighted condition in a 4.5% increase (P = 0.0097),
compared to the Normal condition. There was not a statistically significant difference between
these two conditions (P = 0.78). The respective increases were 5.8% and 6.4% in terms of net
metabolic rate.

Immobilization of the ankles also resulted in changes in joint kinematics, torques, and powers
(see Figure 3). Qualitatively, the changes were largest for the ankles and the smallest for the
hips. In terms of kinematics, ankle motion with the Ankles Fixed was greatly restricted
compared to Normal, but the knee and hip joint angles were within the normal range. Joint
torques were quite similar, with the Ankles Fixed torques lying almost entirely within the
Normal range, even though the ankles did not move. This lack of motion did, however, result
in large differences in ankle powers (the product of joint torque and angular velocity), with
close to zero power in the Fixed condition. The knee and hip powers remained almost entirely
within the Normal range, except for a reduced magnitude of the negative knee power that is
normally observed near the end of stance (50 – 60% of stride), during push-off. We also
observed a brief increase in positive hip power at the end of double support (about 12% of
stride).

Joint work summary variables showed statistically significant differences only for the ankle
(see Figure 4). Positive ankle work (over a stride) in the Fixed condition was only 19.5% of
Normal (P = 4.4E-5), and negative ankle work was only 18.4% of Normal (P = 6.4E-4). There
were no statistically significant differences for the knee (positive work P = 0.94, negative work
P = 0.058) or hip (positive work P = 0.99, negative work P = 0.21). In other words, decreased
ankle in the Ankles Fixed condition was not compensated by greater work at other joints.

Immobilization of the ankles also resulted in changes in the work performed on the COM.
Instantaneous COM work rate (see Figure 5) varied over a stride with a similar pattern to
Normal, but with generally lower amplitudes. The cumulative negative work performed on the
COM over a stride was 0.036 ± 0.005 (dimensionless) in the Normal condition, and 0.0269 ±
0.004 with Ankles Fixed, a reduction of 25% (P = 6.6E-4). The positive work of Push-Off
alone was reduced by about 35% (P = 0.0013). The negative work during the Pre-Load phase
was reduced in magnitude by about 41% (P = 0.0036). The other phases did not exhibit
statistically significant differences.

Discussion
The aim of this study was to test whether immobilization of the ankles must result in greater
energy expenditure during walking. We proposed that, with a suitable rocker bottom shape,
there need not be an increase in energy expenditure other than for the added weight of the
immobilization device. Our results here showed only a 4.1% increase in total metabolic rate
with ankles immobilized compared to normal walking, and no difference compared to walking
normally but with an equivalent mass added to the ankles. This might appear to run counter to
the previous literature, but perhaps only because other studies have not taken advantage of
curved rocker bottoms with lightweight boots.

Our findings are consistent with those for walking with ankles similarly immobilized but with
a variety of heavier, curved rocker bottom shapes 17. Curvatures with radius about 30% of leg
length resulted in decreased work performed on the COM compared to normal, mainly due to
low heel strike collisions afforded by the curvature. The collision work may be predicted with
remarkably simple models, and the COM work analysis is designed to measure and test these
predictions22, with joint powers indicating that much of the negative work is performed at the
knee (see Figure 3). Although collision work can predict one contribution to energetic cost,
other costs also apply, such as for forced motion of the legs back and forth23, 24. The latter is
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sensitive to added mass at the legs, possibly accounting for the greater net energy expenditure
we observed with the heavy rocker bottom shapes. Here we used lightweight boots with a
different curvature that nonetheless resulted in a similar amount of COM work (0.0269
dimensionless negative work per stride vs. 0.0272 previously17). These results indicate that
added mass can account for a substantial fraction of overall energy expenditure.

The shape of the rocker bottom may also explain why other studies have reported higher energy
expenditure with ankle immobilization1, 3–5. Fixation, whether by a cast, splint, or arthrodesis,
is often not accompanied by a favorable rolling shape and reduced collision losses. A less
favorable shape may require more positive work at push-off or elsewhere in the stride to
compensate for the loss. This work might not be performed with the same efficiency as normal
ankle push-off25, 26. Another potential explanation applies to studies that examined
participants who had undergone actual arthrodesis or amputation1, 2. These participants may
have had comorbidities or other complications that adversely affected energy expenditure.
Lightweight rocker bottom shapes and the testing of only able-bodied subjects could both
contribute to lower energy expenditure in the present study.

Ankle fixation with walking boots appears to have some advantages compared to normal
walking. Fixation allows the plantarflexion moment occurring after mid-stance to be supported
passively rather than by active muscle. The reduced motion also means that little positive and
negative work is performed at the ankle (see Figure 3), during phases we label as Push-Off and
Pre-Load, respectively (see Figure 5). Although much of the Pre-Load negative work may be
restored elastically during Push-Off8, 9, we would nevertheless expect reduced ankle torque
to result in decreased energy expenditure. Reduced Push-Off might be disadvantageous if
negative Collision losses were higher, but the boots’ curvature keeps these losses low. To the
extent that normal ankle function effectively resembles the rolling of a rigid surface, it may be
advantageous to substitute an actual rigid surface.

Of course, there may also be disadvantages to immobilization. It limits the body’s ability to
push off, and the substitution of other muscles may cause the work to be performed with lower
efficiency than normal. Some rocker bottoms, particularly those with small radius of curvature,
induce large collision losses17, which require more positive work in compensation. Limited
push-off means that some additional work may be required of other joints, perhaps at other
times in the stride, and potentially with greater energy expenditure17. Push-off limitations did
not appear problematic in the present study, perhaps owing to favorable rocker bottom shapes
that required little push-off. Immobilization also limits ankle eversion/inversion27, which may
reduce the ability to control balance during walking, leading to compensations that may be
energetically costly28. Intact ankle motion is also particularly helpful on uneven ground, for
descending stairs, or performing other gaits. We also found the curved bottom of the walking
boots to be subjectively less stable for upright standing than normal shoes. It is therefore mainly
when walking on level ground that ankle immobilization appears to have little adverse effect.

There are a number of limitations to this study. We have not systematically studied rocker
bottom shapes other than circular arcs and that of the walking boots. Both rocker bottom shape
and length may potentially affect energy expenditure29, and some may actually improve on
those that we have examined thus far. We also examined only one size of walking boots, with
male participants of sufficient height and shoe size to fit those boots well. It would be desirable
to perform additional measurements on a range of subject sizes and both genders to test the
generality of the findings reported here. We also did not measure the actual ankle muscle
activity or torque that may have been produced during Ankles Fixed walking. It is likely that
participants produced some residual torque within the walking boots. Several participants
reported subjectively that their muscle activity decreased as they became acclimated to the
boots. It is possible that extended practice could result in decreased ankle muscle activity. It
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might also improve balance while wearing the boots. Optimization of rocker bottom geometry
and greater practice time could potentially reduce energy expenditure for walking with ankle
fixation. We also did not have the exact same subject group perform the mechanics and
energetics trials, which were also conducted overground and on a treadmill, respectively. It
would be preferable to use an identical subject group, although all comparisons were made
only within each sub-study rather than between groups. There may also be small differences
between overground and treadmill walking, which might have slight effect on the absolute
amount of energy or work performed in a condition, but would not be expected to have
substantial effect on the observed trends.

These limitations do not, however, detract from our finding that ankle immobilization need not
lead to greater energy expenditure. The shape of the rocker bottom and the weight of the fixation
apparatus both appear to influence energy expenditure. Ankle fixation may have disadvantages
such as reduced push-off and poorer balance, but these are offset by advantages such as reduced
need for active ankle plantarflexion torque or work, and reduced collision losses.

Conclusions
The energetic cost of walking with an immobilized ankle is statistically no greater than that
for walking with a weight-matched but free ankle. Ankle fixation reduces the active
plantarflexion work performed during late stance. Although less positive work can be
performed in ankle push-off, a curved rocker bottom surface appears to also reduce negative
work, so that less positive work need be performed on the body center of mass over a stride.
This leads to only a 4.1% increase in total energy expenditure compared to normal walking,
that can potentially be explained by the added mass of the fixation apparatus alone. The
consideration of weight and curvature of rocker bottoms may be relevant to energy expenditure,
with potential applications to ankle arthrodesis or amputation, or the fitting of orthoses.
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Figure 1.
Ankle fixation with different arc-shaped rocker bottoms. (a) Arc radius was previously varied
by attaching rigid rocker bottoms to a modified pair of walking boots17. (b) Unmodified Aircast
(Summit, NJ) PneumaticWalker boots also have rigid rocker bottoms. (c) Net metabolic energy
expenditure (cost of walking minus that for quiet standing) varied with arc radius, with a
minimum at a radius of about 0.3 (as fraction of leg length, L). The difference above normal
was potentially explained by the added mass of the arc foot apparatus, suggesting that ankle
fixation need not lead to greater energy expenditure for walking. The right-hand axis is labeled
with dimensionless units.
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Figure 2.
Net metabolic rate for walking under Normal, Ankles Fixed, and Ankles Weighted conditions.
The latter two conditions required significantly greater net energy expenditure (5.8% and 6.4%,
respectively). There was no significant difference between Fixed and Weighted conditions.
(*P < 0.05, post-hoc paired t-test, N = 6.)
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Figure 3.
Joint angles, torques, and powers over a stride, for ankle, knee, and hip joints. The range of
Normal values, within 1 standard deviation of mean (shaded regions) across subjects is
compared with the Ankles Fixed condition (N = 8). The greatest differences between conditions
may be observed in ankle angles and powers, even though the torques are quite similar. Data
shown are derived from one bilateral step, made to appear as one unilateral stride assuming
lateral symmetry. The right-hand axes are labeled with dimensionless units.

Vanderpool et al. Page 11

Gait Posture. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Cumulative positive and negative work performed at the joints over a stride, in Normal and
Ankles Fixed conditions. Positive work is defined as the joint power (see Figure 3, right
column) integrated cumulatively over the intervals where it is positive, complemented by a
corresponding negative work integral. Only the work performed at the ankle was affected by
immobilization, decreasing by 80.5% and 81.6%, for positive and negative work, respectively.
(*P < 0.05, paired t-tests, N = 8.) The right-hand axis is labeled with dimensionless units.
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Figure 5.
Work performed on the COM, in terms of (a.) instantaneous work rate as a percentage of stride
cycle and the (b.) cumulative work performed during each of four gait phases. Instantaneous
work rate in the Ankles Fixed condition was generally of lower amplitude than Normal. The
work may be separated into Collision, Rebound, Pre-Load, and Push-Off phases, demarcated
by major zero-crossings so that the phases summarize alternating regions of mostly negative
or positive work. The Ankles Fixed condition resulted in decreased magnitude of negative and
positive work during the Pre-Load and Push-Off phases, respectively. (*P < 0.05, paired t-
tests, N = 8.)
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