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Lower leg muscle force prediction in gait transition
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Abstract— Walking and running, the two most basic and
functional gait modes, have been often addressed through
EMG, kinematics and biomechanical modelling, however,
there is no consensus in the literature on which factors
trigger the transition from walking to running. Ankle
plantarflexors and dorsiflexor were found to play an
important role in gait transition due to higher muscular
activation to propel the body forward to run. We tested
these muscles activation during walking and running at
the same speeds, through a musculoskeletal model derived
from subjects’ kinematic and kinetic data. Compared to
EMG data frequently reported in the literature, the
results yielded similar activation patterns for all muscles
analyzed. Besides, across speeds, dorsiflexor activation
kept increasing in walking, especially after PTS
(preferred transition speed), which may indicate its
contribution to gait transition, as an effort to bring the
foot forward to keep up with the unnatural condition of
walking at high speeds.

I. INTRODUCTION

Humans change locomotion mode depending on the speed.
Several factors have been reported to be associated with the
walk-to-run transition (WRT). Walking and running, as the
most common and functional locomotion modes, have been
extensively studied and their differences reported in the
literature [1]-[4]. Nevertheless, the walk-to-run transition
remains not well-understood.

Minimization of metabolic cost alone cannot fully explain
the WRT [5]. Perceived effort of lower limb muscles during
walking is also related to the WRT. Ankle plantarflexors and
dorsiflexors presented the most pronounced muscular change
during the WRT [6]. While some studies pointed to
dorsiflexors as determinant to gait transition [5], [7], [8]
others found plantarflexors to highly contribute to the switch
from walking to running [9], [10].

Some studies found these muscles EMG and/or simulated
activation and/or joint angles and moments varying along
with speeds in walking and running [3], [S]-[7] , but they did
not analyze their activation in both conditions at the same
speeds (percentages of each subjects’ preferred transition
speed (PTS)) through a musculoskeletal model.

Biomechanical modelling and simulations to estimate
muscle force have been widely used in gait research over the
last decades [11]-[19] and often comparison of simulation
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data from musculoskeletal models with EMG experimental
data is used to corroborate or validate methods and results [4],
[9], [15], [20]-[23] or to predict muscle behavior in
pathological or extreme and unusual conditions [24]-[27].

Therefore, the aim of this study was to investigate the
contribution of the lower leg muscles in the WRT. In order to
do so, we analyzed gastrocnemius (GAS), soleus (SOL) and
tibialis anterior (TA) activation during walking and running at
the same speeds (around each subjects’ transition speed)
through a musculoskeletal model based on their own
kinematic and kinetic data.

II. METHODS
A. Subjects

Kinematic data and ground reaction force from 10 healthy
subjects (age 26+ 5.4 years old; height 169.1+ 5.6; weight
63.7+ 9.9) were recorded through VICON (MX3, Oxford
Metrics) and two force plates (OR-6-7-2000, BP400600-2000
Advanced Mechanical Technology, Inc., Model, Watertown,
MA, USA). The study was approved by the Clinical Research
Review Board of the Faculty of Medicine, Kagoshima
University (N. 205). All subjects signed an informed consent.

To determine their walk-to-run transition speed (WRT-
speed), they started walking on a treadmill, at 1.25 m/s and
the speed was increased 0.1 m/s every 30 seconds, until they
started running, and this speed was considered their WRT-
speed.

B. Experimental procedure

Kinematic and kinetic data from the subjects were used as
input to a musculoskeletal model to simulate muscle
activation of lower leg muscles during walking and running
at the same speeds

Experimental kinematic data recording

Infrared reflective markers of 14mm diameter were
attached to the following skin landmarks: right and left, front
and back head; CI; clavicle; sternum; T10; right and left,
anterior and posterior superior iliac spine; left trocanter, thigh,
knee, ankle, heel, first and fifth metatarsophalangeal.

Subjects were asked to run and walk gradually faster, and
data matched to 60%, 80%, 100%, 120% and 140% of their
PTS were used for later analysis. The data were taken for the
left leg and after that 10 gait or running cycles were chosen.

We calculated muscle force from the trajectory of those
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markers attached on anatomical landmarks, recorded by a
Vicon motion capture system, and ground reaction forces
recorded by a force platform.

Musculoskeletal Model

A musculoskeletal simulation software AnyBody 7.3.1
(Anybody Technology, Aalborg, Denmark) was used to
calculate activation of the lower leg muscles from subjects’
kinematic and kinetic data. The musculoskeletal model
consisted of 5 rigid bodies: trunk, pelvis, femur, tibia, foot,
driven by 170 actuators representing 39 Hill-type muscles.
Muscle force was calculated using optimization algorithm to
minimize the 3™ power of all muscles’ stress. Simulated
muscle activation was the ratio of the calculated muscle force
with respect to its maximum capacity.

We analyzed the left leg considering that walking and
running are symmetrical movements. We previously
confirmed the validity of muscle force from the 5-segment
model. Among muscle force estimation of all muscles of left
lower limb, three main muscles were considered and reported
here: gastrocnemius (GAS), soleus (SOL) and tibialis anterior
(TA) to calculate the ankle joint torque.

C. Data Analysis

Time of each trial was normalized to percentage of the gait
or running cycle. A total of 10 gait or running cycles were
ensemble averaged for further analysis. The averaged
kinematic and kinetic data were used to estimate muscle
activation. Then, peak value was calculated from simulated
muscle activation, and normalized by the maximum of 100%
PTS walking. Two-way repeated measures ANOVA was
applied to test for significant differences between the five
speeds and the two locomotion modes (walking and running).
If there was significant interaction, differences between
conditions were tested by paired t-test for the simulated
muscle activation. Statistics was performed using SPSS
(Version 20.0 for Windows: Chicago, USA). It was
considered significant a p-value of 0.05.

III. RESULTS

The average PTS was 1.83+£0.12 m/s. The stride length
showed interaction between the two conditions and velocities
(Fa36 = 122.11, P<0.001). and it was significantly greater in
walking across all speeds, except at 140% PTS (Fig 1).

*

2r *ok *
gk

E15 | **

£

o

s 1F

3 - Walk

&05 -8 Run
0 1 L 1 1L 1

60 100 140

% of PTS

Fig 1. Averaged stride length during walking (blue) and running (red) at
60%, 80%, 100%, 120% and 140% of the PTS. An asterisk indicates
statistically significant differences (P<0.05), and double asterisk indicates
(P<0.01).

The figures present the results for each muscle in the
following order: GAS (Figs 2 and 3), SOL (Figs 4 and 5) and
TA (Figs 6 and 7). The first figure for each muscle represents
activation waveforms throughout a whole gait cycle and the
second figure of each muscle shows its activation peak values
across speeds (%PTS).

The simulated activation patterns are similar to those
experimentally measured EMG patterns from literature [2],
[9], [21], [28].

Interaction between the five speeds and the two locomotion
modes was observed in TA normalized simulated activation
at the 18 (F = 13.19, P < 0.001) and 2™ peaks (F = 12.8, P <
0.001), and GAS (F =8.00, P <0.001).
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Fig 2. Gastrocnemius normalized simulated activation pattern in walking
(blue) and running (red) across speeds.
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Fig 3. Gastrocnemius peak values of simulated activation in walking (blue)
and running (red) across %PTS. Statistically significant differences are
indicated either with a single asterisk (P<0.05), or double asterisk
(P<0.01).
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Fig 4. Soleus normalized simulated activation pattern in walking (blue)
and running (red) across speeds.
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Fig 5. Soleus peak values of simulated activation in walking (blue) and
running (red) across %PTS. Statistically significant differences are
indicated either with a single asterisk (P<0.05), or double asterisk
(P<0.01).

Contrary to TA, SOL showed significantly higher activation
in running for all speeds (Fig 5). Whereas GAS only had
higher activation in running for the two higher speeds (Fig 3).

TA activation at the 1st peak during walking was higher
than running for all five speeds analyzed and significant
differences were observed at 100 % PTS and above. For its
2" peak, TA activation was significantly higher in walking at
low speeds, before PTS. Only after 120% PTS, activation in
running becomes higher (Fig 7).

IV. DISCUSSION

We compared GAS, SOL and TA simulated muscle force
in walking and running at the same five speeds 60%, 80%,
100%, 120% and 140% of the PTS.

There are plenty of studies on walking and running in the
literature analyzing lower leg [1]-[3], [5], [6], [24]. However,
there is a lack of research in the literature that analyzed and
compared, through a musculoskeletal model, both gait modes
throughout the whole gait cycle and at the same functional
speeds around the PTS for the main lower leg muscles.

At TA 1% peak, there was a tendency to keep increasing its
activation values in walking along with increase on speeds,
agreeing with previous studies [22], [29], especially after the
PTS [28]. This is possibly due to a higher dorsiflexion torque
demand after heel-strike to keep walking at high speeds when
it would be more natural to run.

TA 2" peak, prior to swing phase, is necessary to avoid
foot scuffing, preparing the foot for the next heel strike [31].
This peak comes after ankleplantarflexors burst, so to propel
the ankle forward, dorsiflexors must overcome ankle
plantarflexor contraction [31].

Based on such TA activation peak after PTS in walking,
gait transition could be expected to avoid larger activation
peaks after heel-strike (first peak).

Therefore, in agreement with previous research,
increasingly high activation levels of TA after PTS indicate
muscle stress and could trigger the transition to running.
There are previous studies that found TA to be a determinant
factor for gait transition [5], [28], [31].
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Fig 6. Tibialis Anterior normalized simulated activation pattern in walking
(blue) and running (red) across speeds.
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Fig 7. Tibialis Anterior first and second peak values of simulated activation
in walking (blue) and running (red) across %PTS. Statistically significant
differences are indicated either with a single asterisk (P<0.05), or a double
one (P<0.01).

GAS and SOL activation increased above 100% PTS in
running due to larger GRF and forefoot contact with the
ground. There was a marked difference in activation of both
muscles between the two conditions, having their peaks in
running earlier than in walking, which is a well-known
difference between gait modes. However, their activation did
not significantly change after PTS, neither peaked in a way
that could indicate muscle overexertion.

Finally, there are different aspects that should be addressed
in future research. For example, to include other
biomechanical measurements, as kinematic data, such as arm
and trunk motion, kinetic and ground reaction forces. Not
only other musculoskeletal models should be tested but also,
a wide range of conditions, natural and pathological, can also
be predicted and studied by changing model parameters.
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