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Abstract

In a simple bipedal walking model, an impulsive push along the trailing limb (similar to ankle plantar flexion) or a torque at the hip

can power level walking. This suggests a tradeoff between ankle and hip muscle requirements during human gait. People with anterior

hip pain may benefit from walking with increased ankle pushoff if it reduces hip muscle forces. The purpose of our study was to

determine if simple instructions to alter ankle pushoff can modify gait dynamics and if resulting changes in ankle pushoff have an effect

on hip muscle requirements during gait. We hypothesized that changes in ankle kinetics would be inversely related to hip muscle kinetics.

Ten healthy subjects walked on a custom split-belt force-measuring treadmill at 1.25m/s. We recorded ground reaction forces and lower

extremity kinematic data to calculate joint angles and internal muscle moments, powers and angular impulses. Subjects walked under

three conditions: natural pushoff, decreased pushoff and increased pushoff. For the decreased pushoff condition, subjects were instructed

to push less with their feet as they walked. Conversely, for the increased pushoff condition, subjects were instructed to push more with

their feet. As predicted, walking with increased ankle pushoff resulted in lower peak hip flexion moment, power and angular impulse as

well as lower peak hip extension moment and angular impulse (po0.05). Our results emphasize the interchange between hip and ankle

kinetics in human walking and suggest that increased ankle pushoff during gait may help to compensate for hip muscle weakness or

injury and reduce hip joint forces.

r 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Insight into human gait can be gained by simple
mechanical representations of walking. The simple walking
model, as described by Garcia et al. (1998), consists of two
rigid massless limbs connected at the ‘‘hip’’ by a hinge
joint. The model has a point mass at the hips representing
the body and a small mass at the end of each limb
representing each foot. This bipedal model can be modified
for different methods of actuation (McGeer, 1990; Kuo,
2002). One way to actuate the model is to apply an
e front matter r 2008 Elsevier Ltd. All rights reserved.
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impulsive push along the trailing limb as it leaves the
ground. This push redirects the center of mass forward and
upward. A second method is to apply a torque between the
limbs using a torsional spring. The torque generated by the
spring pulls the swing limb forward. Comparison of these
methods of powering gait indicates that there is a direct
tradeoff between the impulsive push from the trailing limb
and the rotational torque between the limbs. Using the hip
torque alone to power gait is four times more energetically
expensive than using the impulse alone (Kuo, 2002). Thus,
a trailing limb impulsive pushoff is a much more
economical way to generate walking in the simple bipedal
model.
Although there is a clear tradeoff between a trailing

limb push and a swing leg hip pull in the simple walking
model, the interplay between ankle pushoff and hip
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torque generation may be less clear when applied to human
gait. The impulsive push of the trailing limb can
be analogous to ankle plantar flexion or ‘‘pushoff’’ in late
stance. Clinicians refer to gait powered by ankle pushoff as
using an ‘‘ankle strategy’’, which is thought to be the
preferred walking strategy for healthy young adults
(Kerrigan et al., 1998; Mueller et al., 1994b). In the
ankle strategy for walking, ankle plantar flexion power
propels the leg into swing and accelerates body mass
forward. The pushoff into swing is slightly different than in
the simple walking model because the impulsive push in the
model redirects the center of mass and swing occurs
passively. In human gait, leg swing is not a completely
passive process. Muscle activation is thought to contribute
to leg acceleration and deceleration, thus increasing the
energetic cost of walking (Doke et al., 2005; Gottschall and
Kram, 2005).

A limitation of the simple walking model is that it does
not accurately reproduce hip extension torque. The model’s
torsional spring pulls the swing limb forward but has no
effect on the stance limb or the movement of the center of
mass. This type of actuation is similar to a ‘‘hip strategy’’
for walking where the hip flexor muscles of the swing leg
concentrically contract to pull the leg forward (Mueller
et al., 1994b). In human walking, however, both the hip
flexor muscles and the hip extensor muscles are active
during the gait cycle. McGibbon (2003) proposes a second
hip strategy in which the hip extensor muscles of the stance
leg concentrically contract to posteriorly rotate the pelvis
and assist with forward progression of the contralateral leg
into swing. Individuals with diabetes mellitus demonstrate
a higher hip flexion moment than ankle plantar flexion
moment, opposite the pattern found in age-matched
healthy individuals (Mueller et al., 1994a). This suggests
there is a definitive tradeoff between a hip flexor strategy
and an ankle strategy during human walking. Healthy
elderly individuals demonstrate a greater hip extension
angular impulse and a lower peak ankle plantar flexion
angular impulse compared to healthy young adult subjects
(DeVita and Hortobagyi, 2000). Correspondingly, this
suggests a tradeoff between a hip extensor strategy and an
ankle strategy.

Alteration of walking strategy has been recommended
for some clinical populations. Mueller et al. (1994b)
showed that instructing subjects to use an exaggerated
hip strategy when walking could lead to a beneficial
decrease in forefoot peak plantar pressures. Conversely, if
individuals can decrease hip muscle forces by walking with
increased ankle pushoff, people with hip pain may benefit
from walking with an exaggerated ankle strategy. This
alteration may be beneficial for patients with acetabular
labral tears or idiopathic hip osteoarthritis. Patients with
anterior hip pain may benefit from decreasing the anterior
hip forces which may over time increase pain and lead to a
tear of the acetabular labrum (Lewis and Sahrmann, 2006).
Patients with idiopathic hip osteoarthritis may also benefit
from decreased muscle forces (Krebs et al., 1998) as
increased joint force is associated with earlier progress of
disease (Recnik et al., 2007; Mavcic et al., 2004). In
addition, it would also suggest that plantar flexor muscle
weakness may be a cause of increased hip muscle forces
during walking, leading to overuse injury of hip muscu-
lature or increased hip joint forces and subsequent joint
injury.
The purpose of this study was to test whether directly

altering ankle pushoff in late stance has an effect on hip
muscle moments during walking in healthy young adults.
We hypothesized that as subjects intentionally altered
ankle pushoff, there would be an inverse relationship
between peak ankle plantar flexion moment and peak hip
flexion and extension moments.

2. Materials and methods

2.1. Subjects

Ten healthy subjects (3 male, 7 female, age 27.077.2 years

(mean7SD), height 1.6970.09m and mass 63.2711.3 kg) participated

in the study. Written informed consent as approved by the University of

Michigan Medical School Institutional Review Board was obtained from

all subjects prior to any testing.

2.2. Instrumentation

We used a motion capture system (120Hz) and reflective markers to

record the kinematics of the ankle, knee, and hip joints (low pass

Butterworth filtered at 6Hz with zero phase lag to remove movement

artifact). Subjects walked at 1.25m/s on a custom built split-belt force-

measuring treadmill (Fig. 1) so we could measure vertical, horizontal and

lateral ground reaction forces (1200Hz). Each belt had a separate force

platform mounted as its base to measure ground reaction forces from each

leg separately. Details of the force treadmill measurement capabilities are

included in Collins et al. (2008).

2.3. Conditions

Subjects walked under three conditions. For the natural pushoff

condition, subjects were instructed to walk as they normally preferred. For

the increased pushoff condition, subjects were instructed to ‘‘push more

with your foot when you walk’’. Conversely for the decreased pushoff

condition, subjects were instructed to ‘‘push less with your foot when you

walk’’. We used only short simple instructions because we wanted to focus

on relatively fast adaptations by the subjects. Subjects practiced walking

under each condition for at least a minute prior to data collection. The

natural condition was always tested first. The order of the two altered

conditions was randomized.

2.4. Data acquisition and processing

We recorded kinematic and kinetic data for 90 s of walking during

each condition. We used commercially available software (Visual3D,

C-Motion, Inc, Rockville, MD) to calculate internal muscle moments

about the lower limb joints based on kinematic marker and force data.

Lower limb inertial properties were estimated based on anthropometric

measurements of the subjects (Zatsiorsky, 2002). Stride cycles were

normalized from left heel strike (0%) to left heel strike (100%). Average

maximum joint angles, peak ankle and hip net muscle moments and

powers, and ankle and hip angular impulses of the left leg were calculated

for each subject and condition. Angular impulses were calculated as the

area under the corresponding positive or negative moment curve. We
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Fig. 1. Custom built force-measuring treadmill. The treadmill has dual

belts that are each mounted with a separate force platform as its base to

measure ground reaction forces from each leg separately. The belts are

24 in wide and mounted flush with the floor. The distance between the two

belts is 0.75 in. Each belt is connected to a separate motor (2.5 kW).

Average belt speed variation when adult subjects walk on the treadmill at

1.25m/s is 1.8%. Details of the measuring capabilities of the force

treadmill are included in Collins et al. (2008).
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calculated angular impulse over the first 70% of the gait cycle (stance to

early swing) to capture the activity of the hip flexor muscles during early

swing (Winter et al., 1995). Peak moments and powers were calculated for

specific phases of the gait cycle (Fig. 2) keeping with previous convention

(Winter, 1983).

2.5. Data analysis

We used a separate repeated measures analysis of variance (ANOVA)

for each variable. When the main effect of condition in the ANOVA was

significant, post-hoc paired t-tests with Bonferonni correction were used to

detect differences between the natural condition and the altered pushoff

conditions. All statistical analyses were performed in SYSTAT 11

(SYSTAT Software, Inc, Point Richmond, CA). A p-value of o0.05

was considered significant.

3. Results

The simple instructions to and short practice by
the subjects led to marked changes for the increased
ankle pushoff condition but the instructions were not
successful in producing substantial changes in the de-
creased pushoff condition (Table 1). Repeated measures
ANOVAs revealed significant differences among the
three conditions for all variables except maximum
hip flexion and extension angles, ankle dorsiflexion
angular impulse, ankle plantar flexion peak power, knee
extension peak power during midstance and speed. There-
fore, the rest of the results highlight the significant
differences comparing the altered pushoff conditions
to the natural condition using Bonferonni corrected paired
t-tests.
For the increased pushoff condition, subjects amplified

ankle plantar flexion angular impulse by 27% (po0.05)
compared to the natural pushoff condition (Fig. 3; Table 1).
The greater plantar flexion angular impulse was due to a
larger plantar flexion moment throughout midstance
despite there being no change in the peak plantar flexion
moment or power (Fig. 3). Along with the change in ankle
plantar flexion angular impulse, there were concurrent
decreases in the hip flexion peak moment (23%), peak
powers (20% H2, 36% H3), and angular impulse (29%)
compared to natural walking (po0.05). Hip extension peak
moment and angular impulse were also reduced by 15%
and 13%, respectively (po0.05). There were no significant
changes in peak hip flexion or extension angles but step
length was 4 cm longer in the increased pushoff condition
when compared to the natural pushoff Condition
(po0.05).
When instructed to walk with decreased pushoff, there

were few differences compared to the natural pushoff
condition. Plantar flexion angular impulse, peak power,
and peak moment were not significantly different between
the decreased ankle pushoff and natural conditions
(p40.07). The only kinetic difference was an increase in
the dorsiflexion peak moment (po0.05). It was 13% higher
in the decreased pushoff condition than in the natural
pushoff condition.

4. Discussion

The results of this study support the hypothesis that
changes in ankle pushoff are inversely related to the
changes in the internal net hip muscle moments. When
the ankle plantar flexion angular impulse was higher in the
increased pushoff condition, both hip flexion and hip
extension muscle moments and angular impulses were
lower. In addition, hip flexion peak powers were also
significantly lower when the plantar flexion angular
impulse was increased. These findings agree with the
prediction from the simple walking model that there
is a tradeoff between the ankle and the hip during
walking.
Our subjects also walked with a longer step length in the

increased pushoff condition than in the natural pushoff
condition. This observation is consistent with the literature
comparing young adult and elderly gait. Young adult
subjects walk with more pushoff and longer step lengths
than elderly subjects (Kerrigan et al., 1998; DeVita and
Hortobagyi, 2000; Judge et al., 1996). This finding may be
interpreted to indicate that pushoff contributes to leg swing
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Fig. 2. Moment and power data for the left leg of a single representative subject. Data are normalized from left heel strike to left heel strike. All major

moment and power peaks were calculated for prescribed phases of the gait cycle keeping with previous convention (Winter, 1983). Ankle plantar flexion,

knee extension and hip extension moments are positive. A2 represents ankle plantar flexion power during late stance. K1, K2, and K3 represent knee

extension power, both absorption (negative) and generation (positive), during early stance, midstance and terminal stance, respectively. H1 represents hip

extension power while H2 and H3 represent hip flexion power.
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and the increased leg swing produces a longer step length
(Judge et al., 1996). It may also be a potential limitation of
this study. As we only controlled walking speed, and not
cadence, we were unable to determine if the kinematic and
kinetic differences we noted were solely due to the altered
pushoff or also due to the change in step length. We chose
to control walking speed instead of step length as joint
moments are known to be affected by walking speed
(Kirtley et al., 1985).

Previous studies comparing the gait of young adult
subjects and elderly subjects have demonstrated that hip
muscles may compensate for reductions in ankle plantar
flexion moment or power. DeVita and Hortobagyi (2000)
found that elderly subjects concurrently have lower ankle
plantar flexion and higher hip extension angular impulses
than young adult subjects when walking at the same
speed. Kerrigan et al. (1998) also showed that when
walking at a comfortable speed, elderly subjects walk with
less pre-swing ankle power generation and a lower peak
internal hip extension moment compared to young
subjects. However, when asked to walk at a faster speed,
elderly subjects increased the pre-swing ankle power
generation but not to the level of the young subjects.
Instead, the elderly subjects increased the internal hip
extension moment to a level similar to the young subjects.
Thus at the faster speed, the elderly subjects were gaining
more of the walking energy from the hip than from
the ankle when compared to young adult subjects.
This illustrates the interaction between the hip extensor
muscles and the ankle plantar flexor muscles during human
gait.
A similar interaction between hip flexor muscles and

ankle plantar flexor muscles has been noted in elderly
subjects and subjects with diabetes mellitus. In a study
focusing on the role of ankle plantar flexor muscles in step
length, elderly subjects generated less ankle plantar flexion
power and more hip flexion power during late stance than
young adult subjects (Judge et al., 1996). Mueller et al. also
presented data that subjects with diabetes mellitus walk
with a smaller ankle plantar flexion moment and larger hip
flexion moment compared to age-matched controls
(Mueller et al., 1994a); statistical comparisons were not
reported.
Although decreased ankle pushoff as evidenced by lower

plantar flexion peak moment, power, or angular impulse
have been observed naturally in elderly subjects and
subjects with diabetes mellitus, we observed only minimal
changes when our subjects were asked to ‘‘push less with
your foot when you walk’’. Healthy subjects may
have difficulty reducing pushoff in the absence of ankle
plantar flexor muscle weakness whereas this change may be
a natural adaptation in the elderly (Kerrigan et al., 1998)
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Table 1

Mean and standard deviations of the kinematic, kinetic and temporal data from all subjects (N ¼ 10)

Condition Statistical analysis

Decreased

pushoff

Natural

pushoff

Increased

pushoff

Natural vs. decreased

pushoff

Natural vs. increased

pushoff

Kinematics (deg.) t p t p

Maximum ankle DF �11.574.0 �10.773.4 �7.772.9 �0.93 0.758 2.80 0.042

Maximum ankle PF 13.5711.8 17.876.4 27.776.7 �1.55 0.310 6.37 o0.001

Maximum knee extension 075.0 2.176.8 1.675.4 2.38 0.082 0.57 1.000

Maximum knee flexion �65.476.5 �68.677.4 �64.676.6 �3.26 0.020 �3.66 0.010

Maximum hip flexion �27.274.7 �26.474.0 �26.573.1 NS

Maximum hip extension 12.973.2 13.573.6 1475.3 NS

Kinetics (Nm)

Peak ankle DF moment �15.573.5 �13.773.4 �16.673.3 �3.36 0.016 �4.03 0.006

Peak ankle PF moment 92.8722.8 97.2721.3 93.6726.5 �2.08 0.136 �1.67 0.258

Ankle DF angular impulse �1.670.7 �1.370.6 �1.470.4 NS

Ankle PF angular impulse 23.679.5 24.378.3 30.979.9 �0.71 0.992 7.52 0.001

Peak hip flexion moment �41.2711.4 �43.9714.4 �33.7711.8 1.61 0.284 6.82 o0.001

Peak hip extension moment 49.479.9 4577.2 38.275.4 1.50 0.338 �2.89 0.036

Hip flexion angular impulse �8.272.8 �8.373.2 �5.972.5 0.39 1.000 5.19 0.002

Hip extension angular impulse 8.173.6 7.172.7 6.172.9 1.87 0.190 �2.88 0.036

Power (W)

Ankle plantar flexion A2 175.7759.5 204752.6 208.5792.1 NS

Knee extension K1 �40.5725.7 �34.2727.9 �61.5737.2 0.93 0.752 6.45

Knee extension K2 37.9718.0 43.7721.7 46.4728.7 NS

Knee extension K3 �68.3725.7 �64.9724.5 �42.6721.8 0.85 0.834 �5.03 0.002

Hip extension H1 46.9726.4 37.3719.6 33.8718.3 �1.65 0.266 1.74 0.234

Hip flexion H2 �30.1713.2 �27.9713.1 �22.4712.8 1.72 0.238 �3.40 0.016

Hip flexion H3 72.2720.8 70.1716.4 45.1712.2 �0.55 1.000 7.39 o0.001

Temporal

Step length (m) 0.6570.05 0.6670.05 0.770.07 1.16 0.276 �3.14 0.024

Speed (m/s) 1.2570.00 1.2570.00 1.2570.00 NS

Statistical analysis includes results of Bonferroni corrected post-hoc paired t-tests between natural and altered conditions. When repeated measures

ANOVAs testing the main effect of condition were not significant (p40.05), post-hoc tests were not conducted (NS). Bold text indicates significant

differences (po0.05).
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and in people with diabetes mellitus (Mueller et al., 1994a).
It may be that healthy subjects indeed can learn to walk
with decreased ankle pushoff when given more feedback or
time to train, but extensive training was not the focus of
this study. Our purpose was to determine if there was an
inverse relationship between hip and ankle kinetics
demonstrable with simple instructions and gait modifica-
tions.

Mueller and colleagues propose that people with
diabetes mellitus and peripheral neuropathy should be
instructed to walk with a hip strategy (Mueller et al.,
1994b). They found that walking with this strategy reduces
the forefoot peak plantar pressures which are thought to
lead to neuropathic foot ulcers (Mueller et al., 1994b).
When walking with an exaggerated hip strategy, subjects in
their study also decreased step length and hip extension
range of motion, and increased dorsiflexion and hip flexion
range of motion. We, however, did not see these changes in
hip kinematics or step length in our decrease pushoff
condition. This difference between the studies could be
attributed to differences in subject instructions. In our
study, subjects were simply instructed to push less with
their foot. In addition, Mueller and colleagues told their
subjects to ‘‘pull their leg forward from the hip’’. As we
were interested in the natural interplay between the
ankle and hip, we did not want to artificially impose a
change at the hip. The simple cue to decrease pushoff
may have been insufficient or subjects may have required
more training time to walk at the same speed with less
pushoff.
In contrast to the studies illustrating decreased ankle

pushoff, our study demonstrates the effects of increasing
pushoff. The primary finding is that walking with
an exaggerated ankle strategy results in decreases in
both the hip extension and hip flexion peak moments
and angular impulse. Using the simple walking model
as a guide for understanding human gait, ankle
pushoff would propel the center of mass forward and
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Fig. 3. Ankle, knee and hip joint kinematic and kinetic data. Data represents the mean for all subjects (N ¼ 10) walking in each of the three conditions.

Data are normalized from left heel strike to left heel strike. Ankle plantar flexion, knee extension and hip extension are positive. Ankle plantar flexion

angular impulse was higher in the increased pushoff condition compared to the natural pushoff condition. There were concurrent decreases in hip flexion

peak moment, peak powers, and angular impulse, and hip extension peak moment and angular impulse compared to the natural pushoff condition

(po0.05).
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upward. This pushing of the center of mass would decrease
the need for a hip extension moment acting on the
stance leg to pull the center of mass forward. Unlike the
hip extensor strategy described by McGibbon (2003),
the hip extension moment would act more on the center
of mass through the stance leg than on the contralateral
swing leg. The decreases in the hip flexion moment and
power with increased pushoff supports the idea that
pushoff contributes to leg swing thus decreasing the
need for ipsilateral hip flexion. As our subjects were
instructed to alter the pushoff of both feet, it is difficult
to determine if the changes in the hip extension and
flexion moments occur ipsilateral or contralateral to the
pushoff foot. Further study is required to parse out this
difference.
The results of this study demonstrate that cues to
increase ankle pushoff decrease the force requirements of
the hip musculature. Walking with an exaggerated ankle
strategy may have therapeutic applications. For people
with anterior hip pain or an acetabular labral tear, walking
with increased ankle pushoff has been recommended
(Lewis and Sahrmann, 2006) and may be beneficial. Lewis
et al. (2007) using a musculoskeletal model demonstrated
that contraction of the hip flexor muscles while in a
position of hip extension, as occurs at the end of stance
phase, produces an anteriorly directed force from the
femoral head onto the acetabulum. This anterior force,
over time, may result in an acetabular labral tear
(McCarthy et al., 2001; Mason, 2001), the majority of
which are in the anterior region of the hip (McCarthy et al.,
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2001; Farjo et al., 1999; O’Leary et al., 2001; Santori and
Villar, 2000; Klaue et al., 1991).

Walking with an exaggerated ankle strategy may
also be beneficial for patients with hip osteoarthritis.
Higher peak contact hip stress is associated with
faster development and progression of idiopathic osteoar-
thritis (Recnik et al., 2007; Mavcic et al., 2004). Hip
joint contact forces can be reduced by reducing the
muscle forces at the hip (Seireg and Arvikar, 1975).
Walking with increased ankle pushoff, which decreases
the hip muscle force requirements, therefore may
slow the progression of hip disease. The ability of
subjects to consistently walk with an exaggerated ankle
strategy and the therapeutic effect of this gait have yet to be
tested.

Our main conclusion was that simple instructions to
increase ankle pushoff can substantially decrease hip
muscle moments and powers during human walking. The
effect was large (�13–36%) given the amount of time the
subject practiced (�1min) and suggests there may be
clinical benefits from this type of intervention. Based on
these results, a logical next step would be to determine if
long-term gait modifications of increased pushoff can be
maintained in clinical populations at risk of hip pain and/
or injury.
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