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1 Introduction

Humans generate adaptive walking in diverse environ-
ments by skillfully controlling their complicated and redun-
dant musculoskeletal system through the central nervous
system. It has been reported that locomotor rhythm and
phase are regulated by producing phase shift and rhythm
resetting (phase resetting) for periodic motor commands in
response to sensory afferents and perturbations [1, 2]. The
phase resetting has been suggested to play an important role
for adaptive walking. Recently, phase response curve (PRC)
calculated from measured data in human walking suggested
the contribution of the phase resetting [3]. However, there is
a limitation to clarify the control mechanism only from anal-
ysis of measured data. In this study, we used a neuromuscu-
loskeletal model of humans, which was developed in [4] by
integrating a motor control model based on the physiological
concepts of muscle synergy, central pattern generator, and
phase resetting with an anatomically detailed musculoskele-
tal model. We conducted forward dynamic simulation of the
model to walk on a treadmill. The locomotor behavior was
disturbed through the control of the belt speed to calculate
the PRC. We investigated the contribution of phase resetting
to adaptive rhythm control from the PRC.

2 Model

In this study, we used the same neuromusculoskeletal
model as that developed in our previous work [4]. Figure
1A shows the musculoskeletal model, composed of seven
rigid links for the skeletal model and nine principal mus-
cles for each leg for the muscle model. This model walked
on a treadmill, whose belt moved in a constant speed. Four
discrete points on each sole were used for the foot contact.
The motor control model consists of limb movement con-
trol, phase resetting, and posture control. The limb move-
ment control generates motor commands based on the phys-
iological two layered CPG model composed of rhythm gen-
eration (RG) network and pattern formation (PF) network
models [5]. We used two phase oscillators for the RG model
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Figure 1: Neuromusculoskeletal model. A. musculoskeletal
model. B. CPG model produces motor commands as linear
combination of five rectangular pulses.

and used muscle synergy hypothesis [6] for the PF model. In
particular, the limb movement control generates five rectan-
gular pulses based on the oscillator phase of the RG model
and produced motor commands by the linear combination
of the five pulses in a feedforward fashion (Fig. 1B). The
phase resetting modulates the timing to produce the feed-
forward signals of the limb movement controller based on
foot contact information. The posture control creates com-
mand signals to regulate the trunk tilt and walking speed in
a feedback fashion based on somatosensory information.

3 Phase response curve

Suppose that a dynamical system has a stable limit cycle
whose period is T and whose trajectory is C (Fig. 1). We
define phase ψ on C (0 ≤ ψ < 2π). The dynamics of ψ is
given by

dψ
dt

=
T
2π

(1)

We apply the phase dynamics to the neighborhood of the
limit cycle. When the point P on C and the point Q close to
C converge on the same point on C for t → ∞, we assume
that these points have the same phase. The surface (curve)
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Figure 2: Limit cycle orbit C and isochron.

with the same phase (ψ = ψ0 = const.) is called isochron.
For stable walking, we use the period T for the duration from
a right foot contact to the next right foot contact. We assume
that stable walking is represented by a limit cycle oscillator
and the phase ψ follows (1).
When a perturbation I(t) is added, ψ follows the dynamics

dψ
dt

=
T
2π

+Z(ψ)I(t) (2)

Z(ψ) is the PRC and explains the phase-dependent rhythm
change due to the perturbation. The PRC reflects rhythm
control strategies during walking. Suppose that the pertur-
bation I(t) changes the walking period from T to τ . Because
ψ increases 2π (

∫ τ
0 dψ = 2π), the integration of (2) from 0

to τ gives ∫ τ

0
Z(ψ)I(t)dt = 2π

T − τ
T

(3)

To calculate the Z(ψ), we used an impulsive perturbation for
I(t). When I(t) = µδ (t − s), where µ is constant and δ (·)
is Dirac’s delta function,

∫ τ
0 Z(ψ)I(t)dt = µZ(ψ(s)) and (3)

gives

Z(ψ(s)) =
2π
µ

T − τ
T

(4)

By performing many trials using different phases for the per-
turbation, we obtain the PRC Z(ψ). In this study, we calcu-
lated the PRC for 25 periods and used the PRC for the first
period. This is useful to reduce the error to obtain accurate
PRC due to the fact that the foot contact conditions are not
necessarily on the same isochron [7].

4 Result and discussion

Figure 3A, B, and C show the PRC calculated from the
model without phase resetting, the model with phase reset-
ting and measured data during human walking. Although
the PRC calculated from the model without phase resetting
is almost zero, the PRC of the model with phase resetting
showed a clear phase-dependent shape. In particular, it has
a positive peak around the lift off and a negative peak just
before the foot contact and it intersects with zero in the mid-
single support phase and around the foot contact. These
trends are similar to those of the PRC obtained from the
measured data in human walking. Although there are some
differences, such as short double-stance phases and large
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Figure 3: PRC calculated from the model without phase re-
setting (A), the model with phase resetting (B), measured
data during human walking (C). 0 and 100% of gait cy-
cle represent right foot contact, and gray regions indicate
double-stance phase.

positive peaks in the double-stance phases, they are possi-
bly because of discrete points for the foot contact model.
Our previous work [4] showed that phase resetting improves
the robustness of walking to various perturbations. These
results suggest that phases resetting contributes to adaptive
locomotion control in humans.
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