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1 Introduction

The structure of their neural and biomechanic systems
allows animals and humans to walk smoothly with mini-
mal involvement of conscious control, even though loco-
motion is a highly complex motor task [1]. Locomotion is
controlled in a hierarchical way: the spinal level generates
muscle excitation patterns by combining feedforward pat-
tern generators with sensory feedback [2], while the brain
modulates the spinal control based on desired gait charac-
teristics (e.g. speed and direction) [3] [4]. However, lit-
tle is known about the exact role of different brain areas in
control of human locomotion and the interaction between
descending pathways and spinal network. Yet, the patholog-
ical gaits resulting from brain lesions (e.g. stroke and cere-
bral palsy) show that abnormal descending pathways may
lead to muscle weakness and spastic behavior [5]. There-
fore, the brain contribution is essential to achieve efficient
walking patterns.

Numerical simulations of robust gaits generated by cen-
tral pattern generators (CPGs) [6], spinal reflexes [7] and
combinations of both [8] [9] result in realistic, human-like
locomotor patterns. However, these studies have only inves-
tigated the mechanism of motor control at the spinal level,
and therefore can only generate gait with specific character-
istics such as defined speed, step length, step frequency and
ground clearance.

Our overarching goal is to understand the role of differ-
ent brain areas on locomotion control. Towards this goal,
descending modulation signals from the brain should be
included in gait simulations. In simulation, the effect of
changing the characteristics of the descending modulation
can be studied, which will lead to a better understanding
of the role of different brain areas in gait. In the current
abstract, we aim to investigate how descending modulation
signals modulate spinal circuit parameters to generate de-
sired speed.

2 Methods

The human model and the reflex control was based on
[7]. The human model is a sagittal plane musculoskeletal
model with seven segments: the trunk, the left thigh, shank
and foot, and the right thigh, shank and foot [8]. It is op-
erated by seven Hill-type muscles in each leg, with param-

eters as given in [7]. Muscle stimulation is controlled with
reflexes. Positive feedback activates the vastus, soleus, and
gastrocnemius during stance, and the gluteus and hamstrings
during swing. Length feedback activates the tibialis ante-
rior during stance and swing and the psoas during swing.
The gluteals, hamstrings, and psoas are also activated based
on feedback of the trunk orientation. Hyperextension of the
knee is avoided by inhibition of the vastus after a joint angle
threshold [7].

The parameters associated with the reflex controller are
the basal stimulation of muscles, the gain of force and
stretch reflexes and muscles’ offset length, indicated with
S0,m, Gm and lo f f ,m, respectively. Moreover, another param-
eter regulating key gait characteristics is qre f that represents
the forward lean angle of the trunk and it is achieved through
a PD controller applied to hip muscles with parameters kp
and kd . Then, kϕ and φo f f prevent the hyperextension of the
knee inhibiting the vastus muscle beyond φo f f . kbw and ∆S
are parameters acting on hip and vastus muscles to enable
swing initiation in the late stance leg during double support.
Each parameter set will achieve a gait with a specific speed.
Parameters were optimized for three different speeds: 1.4,
1,5 and 1.7 m/s. Optimizations were performed with a par-
ticle swarm algorithm with a lexographic extension to han-
dle the multiple objectives of maximizing distance, achiev-
ing the target speed, and minimizing activation and passive
torques due to joint angles being outside the range of mo-
tion. This method has already been used in previous studies
to construct a model of human walking [8].

The multibody dynamics were simulated in Webots (Cy-
berbotics Ltd., Lausanne, Switzerland), while the muscle
dynamics were simulated in CasADi [10]. The reflex con-
troller was coded in Python 2.7.

The parameter values of the different speeds will be
compared. The results are analyzed to identify the param-
eters that are more affected by the changing of speed and,
therefore, more affected by tuning activity of descending
pathways.

3 Results

A sensitivity analysis conducted studying the chang-
ing of single parameters and the global effect on gait pat-
tern showed that reflex gains are the ones that more affect



Figure 1: Reflex parameters changing in 3 different ranges
of speed

the speed of the model. On the other hand, no significant
changes were observed in other parameters except for the
forward lean angle of the trunk and the offset angle of the
knee given by qre f and φo f f , respectively. Therefore, only
results on parameters that are shown to be relevant are pre-
sented in this abstract.

Figure 1 illustrates the changing of reflex gains among
the three different ranges of speed. The only flexor muscle
that exhibits a gradient behavior in accordance with speed is
the hip flexor. Indeed, the increasing tendency of this reflex
gain in swing allows larger step length with higher veloc-
ity values. On the other hand, the main extensor muscles,
soleus and gluteus maximus, show increasing values of their
gain reflexes according to increasing of speed allowing more
propulsion to the body.

The other relevant parameters’ behaviors are described
in the second bar plot of Figure 1. φo f f increases his value
according to the positive gradient of speed. By contrast, qre f
and ∆S do not show a positive or negative gradient with the
increasing of velocity.

4 Discussion

The results for the reflex gain parameters described in
the first plot in 1 are coherent with the theoretical knowledge
of human locomotion. Indeed, the increasing gains of soleus
and gluteus maximus reflexes give the propulsion required in
stance to increase velocity. Moreover, the soleus is known
to be the main propulsion muscle in biped walking [11]. In
addition, the increasing stretch reflex gains of the hip flexor
in swing gives an higher flexion of the hip leading to a larger
step length. Furthermore, the offset angle of the knee also
increased with speed. This, may be due to a major tendency
of over extension of the knee when extensor gains are higher

at larger speeds. However, this major extension is not found
on the values of the reflex gain of the vastus muscle Gvas. On
the other hand, the forward lean angle of the torso does not
follow either a positive or negative gradient with increasing
of speed. This is an unexpected result since the inclination
of the torso should increase with velocity [12]. Therefore,
these results need to be investigated further.

A deeper analysis is required to better understand the
modulation of speed in gait. We aim to study a larger speed
range to see if the reported speed effects are present in a
larger range as well. The goal is to create a model of de-
scending modulation using a machine learning approach. As
part of this, it will be investigated which parameters of the
reflex model are different, and thus should be optimized at
different walking speeds.

In conclusion, the current preliminary results describe
part of the possible strategies adopted by brain areas to mod-
ulate speed, but more results are needed to understand the
interaction between descending drive and spinal circuits.
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