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Argentina.
2Gait and Motion Analysis Laboratory, FLENI Institute for Neurological Research,
B1625XAF, Argentina.
3National Council of Scientific and Technical Research (CONICET), Argentina.

E-mail: emilianoravera@bioingenieria.edu.ar

Abstract. Clinical gait analysis provides great contributions to the understanding of gait
disorders and also provides a mean for a more comprehensive treatment plan. However, direct
measures of muscle forces are difficult to obtain in clinical settings because it generally requires
invasive techniques. Techniques of musculoskeletal modeling have been used for several decades
to improve the benefits of clinical gait analysis, but many of the previous studies were focused
on analyzing separately the muscle forces distribution of children or adult subjects with only
one condition of walking speed. For these reason, the present study aims to enhance the current
literature by describing the age and speed gait effects on muscle forces during walking.

We used a musculoskeletal model with 23 degrees of freedom and 92 musculotendon actuators
to represent 76 muscles in the lower extremities and torso. The computed muscle control
algorithm was used to estimate the muscle forces from the kinematics and to adjust the model
obtained in the residual reduction algorithm.

We find that hamstrings has an important peak in the mid-stance phase in the adult
group but this peak disappears in the children group with the same walking speed condition.
Furthermore, the rectus femoris presents an increase in the muscle force during the pre- and
mid-swing in concordance with the increment in the walking speed of subjects. This behavior
could be associated with the role that the rectus femoris has in the acceleration of the knee
joint. Finally, we show that the soleus is the muscle that perform the major force throughout
the gait cycle regardless of age and walking speed.

1. Introduction
Clinical gait analysis provides great contributions to the understanding of gait disorders and
also provides a mean for a more comprehensive treatment plan [1, 2]. However, a complete
distribution of dynamic muscle forces while walking is a challenge for many researchers [3, 4].
Direct measures of muscle forces are difficult to obtain in clinical settings because it generally
requires invasive techniques. Computational models that represent the human locomotor system
are being currently proposed to sort out those limitations [3].

A musculoskeletal model represents a numeric set of anatomical parameters to quantify their
interaction. Hence, the muscles are described as a simple line between patches of origin and
insertion, while the joints are represented as fixed centers of rotation [5,6]. Estimation of muscle
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forces using musculoskeletal models usually requires solving an optimization problem regardless
of the method used to solve the equations that describe the dynamics musculoskeletal system,
inverse or forward dynamics.

Techniques of musculoskeletal modeling have been used for several decades to improve the
benefits of clinical gait analysis. Just in gait, Seireg and Arvikar (1975), Crowninshield et al.
(1978), Rohrer et al. (1984) minimizing the sum of muscle forces to analyze the relationship
between the net joints moments and muscle forces of the lower limb. Patriarco et al. (1981)
found the muscle chemical-mechanical power, in addition to minimizing the muscle forces.
Crowninshield and Brand (1981), Brand et al. (1986), Glitsch and Baumann (1997) and
Pedersen et al. (1997) maximize the endurance by minimizing the muscle stress cubed [3].
Recent works like van der Krogt et al. (2012) [7] used the computed muscle control algorithm
developed by Thelen et al. (2003) [8] to analyze the lower limb muscles weakness throughout the
gait cycle in a group of adult subjects that walking at self-selected comfortable speed. Ravera et
al. (2014) [9], developed a musculoskeletal model of the lower limb that simulate the smoothed
EMG data through the sum of different Gaussian bells to analyze the muscle forces throughout
the gait cycle in a group of children that walking at self-selected comfortable speed.

Many of the previous studies were focused on analyzing separately the muscle forces
distribution on children or adults subjects, and generally in groups that walk at self-selected
comfortable walking speed. For these reasons, the present study aims to enhance the current
literature by describing speed gait effects on muscle forces of the lower limbs for a group of
children and adult subjects that typically develop an unimpaired walking at three self-selected
walking speeds. The aim of our study is to propose a single comprehensive source for muscle
forces at a wide range of speeds and ages. We intend not to explain the underlying biomechanics
of the speed and age variations, but rather to provide a thorough report of the data in a single
source.

2. Methods
2.1. Participants
Two groups participated in this study (Table 1) to obtain a reliable data sample for a wide
range of walking conditions. The first group included five children (7-14 years of age, 1.24-1.67
m in height and 22-53 kg in mass) that walk at a self-selected, comfortable walking speed. For
operative reasons, the children were measured only once. The second group included eight adult
subjects (23-42 years of age, 1.61-1.83 m in height and 63-83 kg in mass) that walk at three self-
selected walking speeds (comfortable or free, slow and fast). After sufficient practice attempts,
six successful trials were recorded for each speed condition. This resulted in a total of forty-eight
trials per speed condition for the adults and ten trials for the children.

Walking speeds were rendered dimensionless using leg length (Lleg) following the scheme
proposed by Hof (1996) [10]:

v∗ =
v√
gLleg

. (1)

Both groups were examined by the Gait and Movement Laboratory at FLENI Institute for
Neurological Research (Escobar, Argentina) team, and they exhibited normal gait patterns. This
study was reviewed and approved by the research Ethics Committee. The protocol was explained
to each subject, and either the participants or their caregivers signed informed consents.

Kinematic data were recorded using an Elite 2002 motion capture system (BTS
Bioengineering, Italy) with 8 cameras (100Hz) and two force plates (Kistler 9281E, Kistler
Group, Switzerland). Twenty-two retro-reflective skin markers were placed over bony landmarks
(as indicated in the protocol of Davis et al. (1991) [11]). Electrical muscle activity data was
recorded from the rectus femoris, semimembranosus, gastrocnemius and tibialis anterior muscle
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Table 1: Subject characteristics and walking speeds.

Subject Gender Age Mass Leg length Slow speed (m/s) Free Speed (m/s) Fast speed (m/s)
(years) (Kg) (m) (non-

dimensional)
(non-
dimensional)

(non-
dimensional)

Children
1 F 11 40 0.79 - 1.32 (0.47) -
2 M 14 53 0.89 - 0.98 (0.33) -
3 F 7 22 0.65 - 1.45 (0.57) -
4 F 8 38 0.69 - 1.34 (0.51) -
5 F 9 30 0.72 - 1.02 (0.39) -
Mean - 9.80 36.60 0.75 - 1.27 (0.48) -
SD - 2.77 11.61 0.09 - 0.19 (0.09) -
Adult
1 M 28 78 0.95 1.04 (0.34) 1.27 (0.42) 1.55 (0.51)
2 M 42 79 0.95 1.08 (0.35) 1.11 (0.36) 1.80 (0.59)
3 M 29 75 0.94 0.93 (0.30) 1.37 (0.45) 1.44 (0.47)
4 M 27 64 0.86 0.93 (0.32) 1.08 (0.37) 1.15 (0.39)
5 F 30 63 0.81 0.92 (0.33) 1.12 (0.40) 1.55 (0.55)
6 M 29 83 1.00 1.01 (0.32) 0.99 (0.32) 1.03 (0.33)
7 F 23 68 0.92 0.58 (0.19) 1.09 (0.36) 1.24 (0.41)
8 M 27 77 0.91 0.94 (0.31) 1.06 (0.36) 1.34 (0.45)
Mean - 29.37 73.37 0.92 0.93 (0.31) 1.14 (0.38) 1.39 (0.46)
SD - 5.53 7.42 0.06 0.15 (0.05) 0.12 (0.04) 0.25 (0.08)

using a Teleemg surface dynamic electromyograph (BTS Bioengineering, Italy) with a sampling
frequency of 2000 Hz [12].

2.2. Musculoskeletal Model
We used a musculoskeletal model, available in OpenSim (Fig. 1), with 23 degrees of freedom
and 92 musculotendon actuators to represent 76 muscles in the lower extremities and torso. The
degrees of freedom in this model included three translations and three rotations of the pelvis;
three ball and socket joints, one located at the third lumbar vertebrae to model the interaction
between pelvis and trunk and two at each hip joints; a custom joint with coupled translations
and rotations at each knee; and a revolute joint at each ankle [13,14].

OpenSim is an open-source platform for modeling, simulating, and analyzing the
neuromusculoskeletal system. It includes low-level computational tools that allows one to derive
equations of motion for dynamical systems, perform numerical integration, and solve constrained
non-linear optimization problems. It offers access to control algorithms, actuators, and analyses;
by integrating these components into a modeling and simulation platform [13].

In addition, SimTrack (one of the OpenSim tools) enables researchers to generate dynamic
simulations of movement from motion capture data. This guides users through four steps
to create a dynamic simulation: 1) a dynamic musculoskeletal model is scaled to match the
anthropometry of an individual subject, 2) an inverse kinematics (IK) problem is solved, 3) a
residual reduction algorithm (RRA) is applied and 4) the computed muscle control (CMC) is
used to generate a set of muscle excitations.

Inverse kinematics and inverse dynamics, from the experimental marker trajectories and
ground reaction forces, were used to calculate joint angles and moments. A dynamic simulation
of one gait cycle was generated for each trial of each subject. The RRA was used to reduce
residuals at the pelvis. This was proposed to minimize the effects of modeling and marker
data processing errors that aggregate and lead to large nonphysical compensatory forces called
residuals. Specifically, it altered the torso mass center of a subject-specific model and adjusted
the kinematics of the model from inverse kinematics in order to be dynamically consistent with
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Slow speed Comfortable or Free speed Fast speed

Figure 1: Musculoskeletal model used to generate three-dimensional simulations throughout the
gait cycle. The musculotendon actuator colors indicate the level of activation on a scale from
dark blue (no activation) to bright red (full activation).

the ground reaction force plate data. The CMC algorithm [8] was used to estimate the muscle
forces from the kinematics and to adjust the model obtained in RRA. CMC used the static
optimization approach along with feedforward and feedback controls to drive the kinematic
trajectory of the musculoskeletal model toward a set of desired kinematics. In particular,
the optimization criteria or cost function (2) was performed to be the sum of squared muscle
activations [15,16]:

J =
76∑

m=1

(am(t))2 , (2)

where am(t) is the steady-state activation of muscle m. All steps of our musculoskeletal
simulations were implemented in concordance with the “best practices to verification and
validation of musculoskeletal models” discussed by Hicks et al. (2015) [17].

3. Results
Figure 2 shows the mean and standard deviation of the sagittal, coronal, and transverse plane
kinematics. It shows the same speed-related effects in the joint angles that were presented by
Schwartz et al. (2008) [18]. In particular, we highlight a scaled nearly linear rise in hip flexion
angle at initial contact and a plateau in ankle dorsiflexion angle of adult subject. Also, an
increase in the platarflexion angle, hip flexion angle and hip rotation angle was found in children
throughout the gait cycle in contrast with adult subjects.

The mean and standard deviation of net joint moments of hip, knee and ankle are shown in
Figure 3. Similar morphological patterns are found in both age groups, in particular a slight
rise was found in the joint moment peaks when adult subjects increase their walking speed.
Abduction/adduction hip joint moments present two main peaks at 10% and 50% of the gait
cycle respectively. Only the first peak shows a significant increase when the subjects walk faster.

Prior to analyzing the results of the musculoskeletal simulations for each participant through
OpenSim, we compared the muscle activations from CMC with the EMG signals recorded for
each individual trial, which were qualitatively similar (i.e. present their peaks in sames areas of
the gait cycle and are morphologicaly similar), as shown in Figure 4.

Although the simulations performed in OpenSim includ a complete set of lower limb muscles,
as was described in section 2.2, for the later analysis we have considered the behaviors of
the Gluteus Maximus (GM), Gluteus Medius (Gm), Hamstrings (Ham), Vastus (Vas), Rectus
Femoris (RF), Gastrocnemius (Gas), Soleus (Sol) and Tibialis Anterior (TA) as the most
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Figure 2: Joint angles for children and adult groups across walking speed. Each bold line
represents the average of trials and the thin lines represent the standard deviation of trials
within the corresponding group.

representative muscle groups in vertical and fore-aft accelerations during gait [19].
Muscle forces estimated by CMC algorithm are shown in Figure 5. Hamstrings has an
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Children Adults

Free Slow Free Fast

Figure 3: Mean (blue lines) and standard deviation (shaded area) of the joint moments for
children that walking at self-selected comfortable speed, and adults that walking at three self-
selected speeds (slow, comfortable or free and fast).

important peak in the mid-stance phase in the adult group but this peak disappears in the
children group with the same walking speed condition. Furthermore, the rectus femoris presents
an increase in the muscle force during the pre- and mid-swing in concordance with the increment
in the walking speed of subjects. This behavior could be associated with the role that the rectus
femoris has in the acceleration of the knee joint [20]. In addition, in the children group the
gluteus maximus has a great peak of muscle force during mid-stance, whereas the same peak is
only showed weakly in adults. On the other hand, the gastrocnemius, soleus and tibialis aterior
present their main variations in the stance phase, in accordance with the role that they have in
the plantar/dorsiflexion joint moment [21, 22]. In particular, we show that tibialis anterior has
a marked peak in the initial contact of the gait cycle in accordance with the dorsiflexion peak
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Children Adult

Free Slow Free Fast

% Gait Cycle % Gait Cycle % Gait Cycle % Gait Cycle

Figure 4: Mean simulated muscle activations (black lines) and mean experimental EMG (blue
lines) throughout the gait cycle for children that walking at a comfortable (or free) self-selected
speed and adults that walking at three self-selected speeds (slow, free and fast) for all four muscles
for which EMG was collected. Shaded areas show the standard deviations. Experimental EMG
data are rectified and bi-directionally low-pass filtered at 6 Hz. All signals were normalized by
their peak value.

of ankle joint moment (see Fig. 3) and this muscle force peak appears to increase with walking
speed. Finally, the gastrocnemius and soleus present their peaks at the end of stance phase by
acting in antagonistic form with tibialis anterior.

In the end, Figure 6 shows the average values over the gait cycle of the mean and standard
deviation of each muscle force in order to find which muscles perform more force throughout
the gait cycle. Hence, we conclude that the soleus is the muscle that provides the major force
during walk in concordance with the study of Zajac (2002) [22], and the gluteus maximus (a
big muscle) is the muscle that provides the smaller force throughout the gait cycle.
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Children Adults

Free Slow Free Fast

Figure 5: Mean (bold line) and standard deviation (thin lines) of muscle forces for children that
walk at a comfortable self-selected walking speed and adults that walk at three self-selected
walking speeds (slow, comfortable or free and fast).
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Figure 6: Average values over the gait cycle of the mean and standard deviation of muscle forces
for children that walk at self-selected comfortable walking speed and adults that walk at three
self-selected walking speeds (slow, comfortable or free and fast).

4. Discussion
Techniques of musculoskeletal modeling have been used by several decades to improve the
benefits of clinical gait analysis, but many of the previous studies were focused on analyzing
separately the muscle forces distribution of children or adult subjects with only one condition
of walking speed. For these reason, the present study aims to enhance the current literature by
describing speed gait effects on muscle forces of the lower limbs for a group of children and adult
subjects that typically develop an unimpaired gait at three self-selected walking speeds.

When analyzing the hip flexion/extention moment joint (Fig. 3), it appears to be modulated
by the action of rectus femoris, gluteus maximus, gluteus medialis and hamstrings mainly during
the initial contact. However, from the mid-stance until the end of swing, this net joint moment
tends to zero while the antagonistic activity of hamstrings and rectus femoris is shown to rise. In
the abduction/adduction hip joint moment, the gluteus medialis produces an abduction moment
while the gluteus maximus and hamstrings perform an adduction moment. The decrease in
abduction joint moment during the mid-stance happens followed by a modulation of gluteus
medialis and hamstrings.

On the other hand, the knee extensor joint moment in mid-stance (Fig. 3) occurs because
an activation of the gastrocnemius together with the hamstrings muscles (Fig. 5). Its behavior
produces a force peak at the end of swing phase that coincides with the peak present in the
hamstrings force. Also, when the minimum value of knee flexion joint moment occurs, around
the pre-swing or initial swing, an increase in the muscle forces of vastus and rectus femoris was
found; they appear to be the main responsibles of the second knee net flexion joint moment.

Finally, the ankle flexion/extension net joint moment is produced mainly by the soleus and
the gastrocnemius while the tibiales anterior acts modulating the net joint moment behavior
(Fig. 5). In addition, the soleus is the muscle that perform the major force throughout the gait
cycle regardless of age and walking speed.
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