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Abstract

Toe walking is a gait deviation with multiple etiologies and often associated with premature and prolonged ankle plantar flexor
electromyographic activity. The goal of this study was to use a detailed musculoskeletal model and forward dynamical simulations
that emulate able-bodied toe and heel-toe walking to understand why, despite an increase in muscle activity in the ankle plantar
flexors during toe walking, the internal ankle joint moment decreases relative to heel-toe walking. The simulations were analyzed to
assess the force generating capacity of the plantar flexors by examining each muscle’s contractile state (i.e., the muscle fiber length,
velocity and activation). Consistent with experimental measurements, the simulation data showed that despite a 122% increase in
soleus muscle activity and a 76% increase in gastrocnemius activity, the peak internal ankle moment in late stance decreased. The
decrease was attributed to non-optimal contractile conditions for the plantar flexors (primarily the force—length relationship) that
reduced their ability to generate force. As a result, greater muscle activity is needed during toe walking to produce a given muscle
force level. In addition, toe walking requires greater sustained plantar flexor force and moment generation during stance. Thus, even
though toe walking requires lower peak plantar flexor forces that might suggest a compensatory advantage for those with plantar
flexor weakness, greater neuromuscular demand is placed on those muscles. Therefore, medical decisions concerning whether to
reduce equinus should consider not only the impact on the ankle moment, but also the expected change to the plantar flexor’s force
generating capacity.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction flexion posture can compromise walking stability and

often results in decreased stride length and walking

Toe walking is a gait deviation with multiple
etiologies ranging from cerebral palsy to traumatic
brain injury. It is often associated with premature and
prolonged ankle plantar flexor electromyographic
(EMG) activity (e.g., Colborne et al., 1994; Kalen
et al., 1986), spasticity (e.g., Cahan et al., 1989; Perry
et al., 1974) and contractures (e.g., Kelly et al., 1997,
Stricker and Angulo, 1998). The increased plantar
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speed (Cahan et al., 1989; Davids et al., 1999; Hicks
et al., 1988).

Recently, it has been proposed that toe walking
provides a compensatory advantage over conventional
heel-toe walking (Hampton et al., 2003; Kerrigan et al.,
2000). Kerrigan et al. (2000) performed an inverse
dynamics-based analysis of able-bodied subjects during
heel-toe and toe walking and observed a significant
decrease in the peak internal ankle plantar flexor
moment and power generated in terminal stance and
pre-swing during toe walking. They concluded that toe
walking may provide a benefit for those with upper
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motor neuron injury and distal lower extremity weak-
ness by requiring lower ankle plantar flexor strength.
Similarly, Hampton et al. (2003) performed a quasi-
static analysis of the foot and tibia using data recorded
from able-bodied subjects emulating toe walking pos-
tures of individuals with cerebral palsy. Their results
showed that the increased equinus posture results in
reduced plantar flexor force requirements. The reduced
plantar flexor force (primarily from the gastrocnemius
and soleus) was attributed to the closer proximity of the
resultant ground reaction force vector to the ankle joint
center with greater angles of plantar flexion. Similar to
Kerrigan et al. (2000), they concluded that equinus
walking is most likely a compensatory strategy for
plantar flexor weakness.

While these studies noted a reduction in the plantar
flexor force requirements during toe walking, Perry et al.
(2003) demonstrated using fine wire electromyography
that plantar flexor muscle activity during toe walking is
greatly increased in late stance despite a reduced net
plantar flexor moment. They hypothesized that the
dichotomy between increased muscle activity and
decreased joint moment was due to a reduction in force
generating capacity of the ankle muscles because of
greater plantar flexion angles during toe walking. Thus,
although the peak plantar flexor force required during
toe walking may be lower, the neuromuscular demand
placed on the plantar flexors appears to be greater.

The isometric moment generation of the plantar
flexors decreases with increasing plantar flexion angles
(e.g., Gravel et al., 1988; Miyamoto and Oda, 2003;
Nistor et al., 1982; Sale et al., 1982), despite an increase
in the moment arm of the gastrocnemius and soleus
about the ankle joint with increasing plantar flexion
angles (Rugg et al., 1990). The decrease in moment
output is attributed to the muscles operating at non-
optimal lengths on the muscle fiber force-length
relationship. Thus, the increased ankle plantar flexion
angle during toe walking likely reduces the force-
generating capacity of the muscles. In addition, walking
contains periods of both shortening and lengthening
contractions of the plantar flexor muscles. Therefore,
the muscle force generating capacity during walking
could be impacted by both changes in fiber length as
well as velocity. The poor contractile conditions
associated with increased plantar flexion angles was
recently highlighted in a modeling and simulation study
showing that as ankle plantar flexion increases with
walking speed, the force generating capacity of the
plantar flexors becomes increasingly impaired (Neptune
and Sasaki, 2005).

The goal of the present study was to explicitly test the
hypothesis that greater angles of plantar flexion during
toe walking are associated with a lower force generating
capacity of the ankle plantar flexors compared to the
normal posture in heel-toe gait. A detailed musculoske-

letal model and forward dynamical simulations of able-
bodied toe and heel-toe walking were developed to
assess the force generating capacity of the plantar flexors
by examining each muscle’s contractile state. Specifi-
cally, we examined the muscle fiber length, velocity and
activation relationships during toe and heel-toe walking
to assess whether toe walking requires greater neuro-
muscular effort.

2. Methods
2.1. Forward dynamical simulations

Forward dynamical simulations of toe and heel-toe
walking were generated using a previously described
musculoskeletal modeling and dynamic optimization
framework (e.g., Neptune et al., 2004) to analyze the
contractile state and force production of the ankle
plantar flexors. The sagittal-plane biped musculoskeletal
model was developed using SIMM (MusculoGraphics
Inc., Evanston, IL, USA) and the model’s equations of
motion were generated using SD/FAST (PTC, Need-
ham, MA, USA). The equations of motion were then
incorporated into simulation code generated by the
Dynamics Pipeline (MusculoGraphics Inc., Evanston,
IL, USA). Details of the musculoskeletal model and
dynamic optimization that were used to produce the
forward dynamical simulations emulating experimen-
tally collected kinesiological data of able-bodied heel-
toe and toe walking are described below.

2.2. Musculoskeletal model

The musculoskeletal model included a trunk (head,
arms and torso combined as one segment) and right and
left legs (each leg containing a femur, tibia, patella and
foot) (Fig. 1). Degrees-of-freedom for the model
included hip, knee and ankle flexion/extension for both
legs, and trunk horizontal and vertical translation and
anterior/posterior tilting. The knee flexion angle was
used to prescribe two translational degrees-of-freedom
of the knee joint (Yamaguchi and Zajac, 1989) and the
position and orientation of the patella relative to the
femur (Delp et al., 1990). The foot consisted of three
segments: hindfoot, forefoot and toes. Flexion/extension
was allowed between the hindfoot and forefoot and the
forefoot and toes. Passive stiffness torques were applied
at these joints so that realistic displacements were
achieved during mid-stance. The model had a total of
13 degrees-of-freedom. Thirty visco-elastic elements
were attached to the bottom of each foot segment to
model the contact between the foot and ground. Details
of the foot—ground contact model and parameter values
are provided in Neptune et al. (2000).
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Fig. 1. The 2D-musculoskeletal model consisted of a HAT (head, arms
and torso represented by the pelvis segment) and right and left legs
(femur, tibia, patella and foot). The model was driven by seventeen
Hill-type musculotendon actuators per leg that were combined into
nine muscle groups based on anatomical classification, with muscles
within each group receiving the same excitation pattern. The nine
muscle groups were defined as IL (iliacus, psoas), GMAX (gluteus
maximus, adductor magnus), VAS (three-component vastus), RF
(rectus femoris), HAM (medial hamstrings, biceps femoris long head),
BFsh (biceps femoris short head), SOL (soleus, tibialis posterior,
peroneus longus), GAS (medial and lateral gastrocnemius) and TA
(tibialis anterior). The muscle excitation-contraction dynamics were
governed by Hill-type muscle properties.

Seventeen Hill-type musculotendon actuators includ-
ing tendon compliance (Fig. 2) per leg were used to
actuate the model. Individual muscle actuators were
combined into nine muscle groups based on anatomical
classification with muscles within each group receiving
the same excitation pattern (Fig. 1). The muscle force
generating capacity was governed by normalized force—
length and force—velocity relationships (Fig. 3), and a
normalized non-linear tendon force—strain relationship
to describe tendon force (Delp and Loan, 1995; Zajac,
1989). All musculotendon parameters were based on the
work of Delp et al. (1990). Muscle activation—deactiva-
tion dynamics were represented with a first-order
differential equation (Raasch et al., 1997) with activa-
tion and deactivation time constants of 50 and 65 ms,
respectively. Passive joint torques representing ligaments
and other connective tissues were used to limit the hip,
knee and ankle joint range of motion at extreme joint
angles (Davy and Audu, 1987).

2.3. Dynamic optimization

A simulated annealing optimization algorithm (Goffe
et al., 1994) was used to fine-tune the muscle excitation
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Fig. 2. Schematic of the musculotendon actuator used in the model.
The properties of the musculotendon force generation (F') were
represented by an active contractile element (CE) in parallel with a
passive elastic element (PEE). The muscle fiber was placed in series
with tendon (SEE), which was represented by a non-linear elastic
element. The pennation angle («) denotes the angle between the muscle
fibers and tendon. All musculotendon parameters, including the origin
and insertion of each muscle, pennation angle, tendon slack length,
resting fiber length and maximum isometric force were based on Delp
et al. (1990).
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Fig. 3. Governing intrinsic muscle properties used in the model: (A)
normalized force-length and (B) force—velocity relationships (Zajac,
1989). With deviations from the muscle fiber’s optimal length (lg’l) and
increasing rates of shortening (¥™), the ability of a muscle to produce
force decreases. Note, negative velocity values indicate muscle short-
ening, FM is the muscle force, F g’[ is the muscle’s maximum isometric
force, /, is the fiber length and Vﬁfax is the muscle’s maximum
shortening velocity.

patterns defined using block patterns by adjusting for
each muscle the excitation onset, duration and magni-
tude until the difference between the experimental and
simulated kinematic and kinetic data was minimized.
The excitation magnitude was defined with four excita-
tion nodes for all muscles, except the plantar flexors
which were defined with six nodes to better represent
their more complex EMG patterns (e.g., Perry et al.,
2003). Constraints were placed on the excitation timing
in the optimization to closely replicate the EMG timing
in Perry et al. (2003) (i.e., EMG nominal values +10%
gait cycle) to assure that the muscles were generating
force at the appropriate region in the gait cycle. The
muscle excitation patterns were assumed to be symme-
trical between the left and right legs. The specific
tracking quantities used in the objective function
included trunk translation and tilting, hip, knee and
ankle joint angles and moments, and the anterior/
posterior and vertical ground reaction forces (GRF).
The tracking data collected from the subjects’ right side
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was shifted 50% of the gait cycle to provide data for the
left side.

2.4. Muscle contractile state

From the walking simulations, individual muscle fiber
lengths and velocities over the gait cycle were deter-
mined from the model and normalized to the optimal
fiber length and maximum contraction velocity of the
muscle, respectively. The optimal fiber lengths were
based on the work of Delp et al. (1990) and each
muscle’s maximum shortening velocity was estimated as
10 times the muscle fiber optimal length per second
(Zajac, 1989). In addition, average musculotendon force
and activation levels during each muscle’s active region
during stance and the average net internal ankle joint
moment over the stance phase were quantified.

2.5. Experimental data collection

To provide initial conditions for the simulations and
tracking data for the dynamic optimization, previously
collected data from 10 able-bodied subjects (Perry et al.,
2003; eight female, two male; age 36.9+11.2 years;
height 171.7+ 8.3 cm; mass 67.2 +12.4 kg) were used and
will be briefly summarized here. All subjects signed
informed consent and all testing was conducted at the
Pathokinesiology Laboratory at Rancho Los Amigos
National Rehabilitation Center in Downey, CA. Each
subject practiced toe walking until they were comfor-
table and achieved a consistent toe walking pattern.
Each subject walked at their freely selected speed during
toe walking while three-dimensional GRFs (Kistler
Instrument Corp., Amherst, NY; 2500 Hz) and body
segment motion data (Vicon Motion Systems, Oxford,
UK; 50 Hz) were recorded from the right leg. Subjects
then performed heel-toe walking at +5% of their toe
walking speed while the same data were collected. The
body segment motion data were measured using
markers located over the sacrum, anterior superior iliac
spine (bilaterally), greater trochanter, anterior thigh,
medial and lateral femoral condyles, anterior tibia,
medial and lateral malleoli, dorsum of the foot, first and
fifth metatarsal heads, and posterior heel. All data were
normalized over the gait cycle, averaged across trials,
and then averaged across all subjects to produce a group
average. Further details regarding the data collection
and processing are provided in Perry et al. (2003).

3. Results

Consistent with our previous simulation analyses
(e.g., Neptune et al., 2001; Neptune and Sasaki, 2005),
the dynamic optimization was able to identify muscle
excitation patterns such that the toe and heel-toe

walking simulations closely emulated the human subject
body segment kinematic, ground reaction force and
internal joint moment data. The walking speeds were
1.16 and 1.14m/s for toe and heel-toe walking simula-
tions, respectively. Of particular importance to the
present study was the ability of the simulation to closely
match the human subject ankle joint kinematics and
internal moment profiles. The simulation was able to
reproduce these quantities within +2 standard devia-
tions of the experimental data (Fig. 4). In both
simulations, the timing of the plantar flexor activity
compared well with the experimental EMG data
(Fig. 4).

Despite a 122% increase in soleus (SOL) muscle
activity during toe walking, the corresponding average
SOL muscle force during stance decreased by 19%
relative to heel-toe walking (Fig. 5). The gastrocnemius
(GAS) muscle activity increased 76% during toe
walking, however, this only resulted in a 37% increase
in the average GAS muscle force (Fig. 5). The
magnitude of the muscle forces was consistent with the
net internal ankle joint moment. Despite the increase in
plantar flexor activity during toe walking (Fig. 5), the
peak ankle moment during late stance decreased slightly
(Fig. 6). This reduction in the simulation ankle moment,
despite the greater muscle activity, was attributed to a
poor contractile state during toe walking, primarily due
to the muscles operating at non-optimal muscle fiber
lengths when the ankle was in greater plantar flexion
(Fig. 4). The mean SOL fiber length normalized to its
optimal fiber length during its active region in stance
was 0.55 and 0.89 during toe and heel-toe walking,
respectively (Fig. 7A). Similarly, the mean values
for GAS were 0.59 and 0.90, respectively (Fig. 7A).
Thus, both muscles were operating near the onset of
the ascending limb of the force—length relationship
(Fig. 3A), which greatly reduced their ability to generate
force. In contrast, the mean fiber velocities were at low
levels and similar in magnitude between the two walking
tasks (Fig. 7B). Thus, the force—length relationship was
the dominant intrinsic muscle property that decreased
the force generating capacity of the plantar flexors
during toe walking.

In addition to the greater intensity and duration of
muscle excitation required for toe walking, maintaining
the plantar flexed posture throughout stance required a
65% increase in the mean internal ankle moment during
stance (Fig. 6: 1.11 and 0.68 N -m/kg for toe and heel-toe
walking, respectively).

4. Discussion
The overall goal of this study was to use a detailed

musculoskeletal model and forward dynamical simula-
tions of able-bodied toe and heel-toe walking to



R.R. Neptune et al. | Journal of Biomechanics 40 (2007) 12931300

Heel-Toe Walking

25 : f
Dorsiflexion
o =TT~
o ineLI” 13 3
) L4 y 1]
= 0 Nz LT
Q@
2 25
£ -
Plantar Flexion

-50
2 4
£
z
= 2
< - k
9 "‘ ‘
g 1] S [[rree————n—
N ey GAS Timing

" SOL Timing
0 50 100

% Gait Cycle

1297

Toe Walkin
25 9
of =
7 \\ [l
i ‘“-.‘_.——"--h.‘_ /, \\....-.-
-25 Wy,
-50
=== Simulation
4 Experimental
2 X
’l ~N _--_‘_’f"' \\\
off S —————
-2
0 50 100

% Gait Cycle

Fig. 4. Comparison of the simulation (dashed line) and experimental (solid line +2 standard deviations) ankle joint angle and internal moment
profiles over the gait cycle. The horizontal bars indicate the soleus (SOL) and gastrocnemius (GAS) excitation timing in the simulation (dashed bar)

compared to the experimental EMG timing (solid bar).

100
=
1]
=
2
= 50
>
]
( I

0

(A) SOL GAS

1500

mmm Heel-toe
Z 1000 L
[«}]
L
(=]
- 500 |_|
0 1

(B) soL GAS

Fig. 5. (A) Average muscle activity from the soleus (SOL) and
gastrocnemius (GAS) over the stance phase as a percentage of
maximum. In both simulations, the muscles were active throughout
the stance phase. (B) The corresponding average muscle forces during
stance.

understand why, despite an increase in muscle activity in
the ankle plantar flexors during toe walking, the internal
ankle joint moment decreases. Specifically, we tested the
hypothesis presented by Perry et al. (2003) that the
dichotomy between increased muscle activity and
decreased internal joint moment was due to a reduction
in force generating capacity associated with shorter
muscle fiber lengths at the increased plantar flexion
angle observed during toe walking. To test this
hypothesis, we assessed the force generating capacity
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Fig. 6. Comparison of the internal ankle moment between toe and
heel-toe walking over the gait cycle. Note, despite the substantial
increase in plantar flexor activity, the peak moment in late stance
decreased slightly.

of the plantar flexors by examining each muscle’s
contractile state (i.e., the muscle fiber length, velocity
and activation) during toe and heel-toe walking.
Similar to Hampton et al. (2003) and Kerrigan et al.
(2000), we found that the combined plantar flexor force
and peak internal ankle plantar flexor moment were
decreased during toe walking compared to heel-toe
walking. Hampton et al. (2003), using a static decom-
position model of the ankle joint moment derived from
inverse dynamics, found that because the moment arm
from the ground reaction force vector to the ankle joint
center decreases with increasing plantar flexor angle, the
required net force from the plantar flexor muscles also
decreases. Kerrigan et al. (2000) used a similar
biomechanical model and came to the same conclusion,
that the reduced muscle force requirement in toe
walking may provide a compensatory mechanism for
those with plantar flexor weakness or other neuromus-
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cular disorders. Both of these studies, however, relied on
inverse dynamics analysis which does not account for
the contractile state of the muscles and its influence on
the required neuromuscular demand.

In the current study, toe walking required greater
muscle activation to achieve similar force and moment
levels as those required during heel-toe walking. We
observed a 122% increase in SOL activity and a 76%
increase in GAS muscle activity (similar to the experi-
mental EMG increases reported by Perry et al., 2003),
despite documenting a decrease in the peak internal
ankle plantar flexor moment during the propulsion
phase in late stance (Fig. 6). In addition, toe walking
required the duration of plantar flexor activity to
increase over the entire gait cycle (Fig. 4; see also Perry
et al., 2003; Rose et al., 1999), in order to provide the
internal ankle moment necessary to maintain the plantar
flexed posture from initial foot contact until the end of
stance. Both experimental (e.g., Kerrigan et al., 2000;
Perry et al., 2003) and our simulation data (Fig. 6) show
that the sustained mean ankle moment over the stance
phase was 65% higher in toe walking compared to heel-
toe walking. The increased intensity and duration of
muscle activity as well as the greater internal moment
requirements for toe walking suggest that fatigue is
another important factor that may contribute to
inefficiency in toe walking.

The decrease in plantar flexor moment, despite an
increase in muscle activity, is primarily the result of the
shorter fiber lengths associated with the increased
plantar flexion angle, rather than a change in fiber
contraction velocities (Fig. 7). The decrease in force
generating capacity with the increased plantar flexion
angle is consistent with previous studies showing that,

), which was assumed to be 10*/,/s (Zajac, 1989). Note, negative velocity values indicate muscle shortening.

despite an increase in the Achilles tendon moment arm
as the foot moves from full dorsiflexion to full plantar
flexion, the isometric moment generating capacity of the
plantar flexor muscles decreases with increasing plantar
flexion angle (e.g., Gravel et al., 1988; Miyamoto and
Oda, 2003; Nistor et al., 1982; Sale et al., 1982).

Thus, our simulation analysis suggests that even
though toe walking requires lower peak plantar flexor
forces that might suggest a compensatory advantage for
those with plantar flexor weakness, greater neuromus-
cular demand is placed on those muscles in order to
overcome the poor contractile state and maintain the
equinus posture. However, a potential limitation of our
study is that we analyzed able-bodied subjects that could
physically perform both heel-toe and toe walking tasks
equally well to allow an objective comparison between
the two walking tasks, rather than habitual toe walkers.
It is possible that spasticity and prolonged equinus foot
posture may alter the intrinsic muscle properties such
that peak muscle force is generated at shorter fiber
lengths. Previous studies have shown the muscle fibers in
those with cerebral palsy are shorter than normal
(Tardieu et al., 1982), have altered fiber types (Rose
et al., 1994) and altered passive force—length relation-
ships in subjects with chronic spasticity (Friden and
Lieber, 2003). Thus, muscles may undergo significant
remodeling such that the intrinsic force—length relation-
ship may be significantly altered in subjects with chronic
spasticity and equinus foot posture (Delp, 2003) that
allows them to generate greater force at shorter fiber
lengths. However, recent strength measurements in
children with and without spastic diplegic cerebral palsy
showed similar ankle torque—angle profiles with their
maximum ankle torque values being generated at similar
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plantar flexion angles (Engsberg et al., 2000; Ross and
Engsberg, 2002). In contrast, earlier work by Tardieu
and colleagues (Tardieu et al., 1982; Tardieu and
Tardieu, 1986) demonstrated changes in the ankle
torque—angle profiles. Thus, future work is needed to
further assess muscle remodeling in chronic toe-walking
patients and the extent intrinsic muscle properties are
altered.

The results of the current study indicate that the force
generating capacity of the plantar flexors is greatly
reduced during toe walking due to non-optimal con-
tractile conditions (primarily the force—length relation-
ship). These results are of particular importance in light
of recent modeling and simulation studies showing that
the plantar flexors are important contributors to the
body segment mechanical energetics in heel-toe walking
by providing body support, forward propulsion and
swing initiation during stance (e.g., Anderson and
Pandy, 2003; Neptune et al., 2001; Zajac et al., 2003).
However, it is unclear how equinus foot posture affects
the ability of the plantar flexors to contribute to these
important biomechanical functions and to what extent
additional compensatory mechanisms are necessary to
satisfy the energetic demands of toe walking. Further, it
is not clear if toe walking provides any biomechanical
advantage by allowing more elastic energy to be stored
and released in the elastic structures crossing the ankle
joint in such a way that it provides a biomechanical
advantage relative to heel-toe walking (Kerrigan et al.,
2000). Future work should address these questions by
analyzing the biomechanical differences in muscle
function between toe and heel-toe walking. Addition-
ally, the impact of toe walking on walking stability also
warrants further exploration.

As indicated by Perry et al. (2003), the clinical
implications of understanding these relationships are
critical. If toe walking increases the neuromuscular
demand placed on the plantar flexors, then clinical
decisions regarding the need to use therapeutic measures
to reduce the equinus should consider not only the
impact on internal joint moments, but also the expected
change to the plantar flexor’s force generating capacity.
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