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Abstract— In this study, we conducted computer simulation
of splitbelt treadmill walking by the hindlimbs of a rat based
on a neuromusculoskeletal model. We developed the skeletal
model based on anatomical data and constructed the nervous
system model for locomotion based on the physiological findings
of muscle synergy, central pattern generator, and sensory
regulation by phase resetting. Our simulation results show that
even in asymmetric environment due to the speed discrepancy
between the left and right belts of a splitbelt treadmill, the rat
model produced stable walking. The sensory regulation model
contributed to generation of adaptive splitbelt treadmill walking
while inducing the modulation of locomotion parameters, such
as relative phase between the legs and duty factors, as observed
in splitbelt treadmill walking of humans and animals. This
helps understanding of the adaptation mechanism in locomotion
through dynamic interactions among the nervous system, the
musculoskeletal system, and the environment.

I. INTRODUCTION

Animals manipulate their complicated and redundant mus-
culoskeletal systems and show highly adaptive walking in
diverse environments. To produce adaptive locomotion, inter-
limb coordination is crucial factor. The splitbelt treadmill has
been often used to investigate the mechanism of controlling
the interlimb coordination during walking in humans and
animals [1], [2], [3], [4], [5], [6], [7]. It has two parallel
belts to produce tied configuration (same speed between the
belts) and splitbelt configuration (different speeds between
the belts) by controlling the belts independently. This artifi-
cially creates asymmetric environment for locomotion. It has
been reported that two types of adaptations are observed in
splitbelt treadmill walking [5]. One is called early adaptation,
which is an instant adaptation observed soon after the tied
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configuration is switched into the splitbelt configuration. The
other is called late adaptation, which is gradual adaptation
observed after the early adaptation. However, the underlying
mechanism of these adaptations remains unclear.

By constructing mathematical models based on physiolog-
ical findings, the adaptation mechanism in splitbelt treadmill
walking has been studied. Ito et al. [8] represented four limb
motions of a cat by four oscillators and proposed an oscillator
network model, which modulates the relative phases among
the oscillators depending on the treadmill configuration.
Otoda et al. [9] modeled human splitbelt treadmill walking
using a biped robot on sagittal plane. Although these models
show similar adaptive behaviors to humans and animals, their
models have limitations to explain the adaptation mechanism
during splitbelt treadmill walking. Ito’s model did not include
body dynamics and Otoda’s model is based on a robot,
which uses different actuators from biological muscles. To
more clearly investigate adaptation mechanism, integrating
the nervous system and musculoskeletal system is crucial.

To overcome the limitations, neuromusculoskeletal models
for locomotion of humans and animals have been developed,
which consist of the nervous system model based on brain
and spinal cord and the body mechanical model based on
musculoskeletal system [10], [11], [12], [13], [14], [15],
[16]. In our previous work [17], we constructed a neuro-
musculoskeletal model of the hindlimb of a rat, where the
musculoskeletal part of the model was based on anatomical
data of the rat and the nervous system model was based on
the physiological findings of muscle synergy [18], [19], [20],
[21], [22], [23], [24], [25], central pattern generator (CPG)
[26], [27], [28], and sensory regulation by phase resetting
[29], [30], [31], [32], [33], [34]. We confirmed the validity of
our model in terms of dynamics by comparing the simulation
results with measured kinematics and electromyographic data
of actual rats, and investigated the functional roles of the
nervous system by focusing on the obstacle avoidance task.

In this study, we conducted dynamic simulation of splitbelt
treadmill walking by the hindlimbs of a rat using our neuro-
musculoskeletal model [17]. When we changed the treadmill
configuration from the tied to splitbelt configuration, adaptive
locomotor behavior appeared due to the sensory regulation
model. This adaptation shows qualitatively similar trend to
the early adaptation of humans and animals, which helps
understanding of the adaptation mechanism in locomotion
through dynamic interactions among the nervous system, the
musculoskeletal system, and the environment.
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Fig. 1. Musculoskeletal model (A: skeletal model, B: muscle model)

II. MUSCLOSKELETAL MODEL

In this study, we use the musculoskeletal model developed
in our previous work. We briefly introduce the model in this
section (for detail, see [17]).

A. Skeletal model

Figure 1A shows the skeletal model, which consists of
seven rigid links representing the trunk and hindlimbs. It is a
two-dimensional model in sagittal plane. The ground reaction
force is modeled using viscoelastic elements. Because we
focus on locomotion by the hindlimbs, the forelimbs are fixed
on the trunk and slide on the ground without friction.

B. Muscle model

The muscle model uses seven principal muscles for each
hindlimb (IP, GM, VL, TA, SO, BF, and GA) (Fig. 1B). The
mathematical model of the muscle tension is given by

Fm = Fmax
m (F l

mFv
mam +Fp

m) (1)

where Fm (m = IP, GM, VL, TA, SO, BF, and GA) is
the muscle tension, Fmax

m is the maximum muscle tension,
am is the muscle activation (am ≥ 0), F l

m is the force-
length relationship, Fv

m is the force-velocity relationship, and
Fp

m is the passive component. The muscle tension forces
generate torques acting to each joint. Muscle activation am

is determined by the motor command um from the nervous
system model through a low pass filter.

III. NERVOUS SYSTEM MODEL

We use the nervous system model (Fig. 2) developed
in our previous work [17], where motor commands are
determined by the following three components; 1) limb
movement control, which produces motor commands in a

feedforward fashion at the spinal cord level to create periodic
limb movements for forward motion, 2) sensory regulation
of locomotion phase and rhythm, which regulates timing
to produce the feedforward signals of the limb movement
control at the spinal cord level based on sensory signals,
and 3) posture control, which creates motor commands in
a feedback fashion based on somatosensory information
at the brainstem and cerebellar levels to regulate postural
behavior. We denote that motor commands generated in the
limb movement control by Movm and in the posture control
by Posm, respectively. The motor command um to produce
muscle activation am is given by the summation of these two
elements;

um = Movm +Posm (2)

A. Limb movement control

The limb movement control is modeled based on the
physiological findings of the CPG in the spinal cord, which
has two layered structure with rhythm generator (RG) and
pattern formation (PF) networks [35], [33]. For the RG
model, we used two phase oscillators, which generate basic
rhythm and phase of locomotion of the corresponding leg.
We denote the phase by φi (0 ≤ φi < 2π , i = le f t,right). The
oscillator phase is governed by the following dynamics;

φ̇le f t = ω −Kφ sin(φle f t −φright −π)
φ̇right = ω −Kφ sin(φright −φle f t −π) (3)

where ω is basic frequency and we used ω = 8π . Kφ is gain
parameter so that the relative phase between the oscillators is
antiphase. We used a small value of Kφ to allow the relative
phase to move from antiphase due to the sensory regulation
in Sec. III-B.

Related to muscle synergy, physiological studies suggested
that muscle activation patterns during locomotion can be ex-
plained by the combination of small number of basic patterns
[22], [24]. It is suggested that CPG generates such basic
patterns projected to motor neurons through interneurons
[24]. For the PF model, we used four rectangular pulses and
their bust timings were determined by the oscillator phase
from the RG model based on [11] (Fig.3).

CPGi(φ) =
{

1 φ Start
i < φ ≤ φ Start

i +∆φi

0 otherwise
i = 1, · · · ,4 (4)

where CPGi(φ) (i = 1, ...,4) is the rectangular pulse, φ Start
i is

the phase value to start bursting, and ∆φi is the duration of the
rectangular pulse. The motor command Movm is given by the
summation of these four rectangular pulses with weighting
coefficients;

Movm =
4

∑
i=1

wm,iCPGi(φ) (5)

where wm,i is the weighting coefficient.
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B. Sensory regulation by phase resetting

Physiological findings suggest that CPG manages the
timing to generate the basic patterns based on the kinematic
event, such as foot contact [24] and that the RG network in
CPG modulates its basic rhythm by producing phase shifts
and rhythm resetting based on sensory information (phase
resetting) [32], [33]. As cutaneous afferents were observed to
contribute to these phase-shift and rhythm resetting behaviors
[30], [34], we modeled this by resetting the oscillator phase
φi (i = le f t,right) based on foot contact event and modified
the phase dynamics (3) by

φ̇le f t = ω −Kφ sin(φle f t −φright −π)

−(φle f t −φ Contact)δ (t − tContact
le f t − τContact)

φ̇right = ω −Kφ sin(φright −φle f t −π)

−(φright −φ Contact)δ (t − tContact
right − τContact)

(6)

where δ (·) is Dirac’s delta function, tContact
i (i = le f t,right)

is the time when the foot lands on the ground, and φ Contact

is the phase value to be reset at foot contact. We set the
transmission delay τContact at 10 ms. Due to this phase

v
COMh

Hip

Fig. 4. Posture control based on hip height hHip and horizontal center of
mass velocity vCOM .

resetting based on the foot contact event, the generation
timing of the feedforward motor commands of the limb
movement control is modulated.

C. Posture control

At the levels of the brainstem and cerebellum, command
signals are produced to regulate postural behavior based on
somatosensory information. For the locomotor behavior of
the rat, it is crucial to maintain the hip height and forward
velocity during locomotion. For the postural control of the
hip height hHip, we used a simple feedback control Hgtm by
the muscles VL, TA, and SO of the standing limb to maintain
the hip height during locomotion (Fig. 4). For the postural
control of the center of mass velocity vCOM , we used a simple
feedback control COMm by the muscles IP, GM, TA, and SO
of the standing limb (Fig. 4). The motor command by the
posture control Posm is given by

Posm(t) = Hgtm(t − τAscend − τDescend)
+ COMm(t − τAscend − τDescend) (7)

where τAscend and τDescend represent the ascending and
descending delays in transmission of somatosensory infor-
mation, respectively. We used τAscend + τDescend = 15 ms.

IV. SPLITBELT TREADMILL MODEL

To simulate the walking of our model on a splitbelt
treadmill, we prepared two belts for the left and right legs
to contact and moved the belts independently. We used

883



 20

 25

 30

 35

 40

 45

 0  10  20  30  40  50  60

B
e

lt
 s

p
e

e
d

 [
c
m

/s
]

Time [sec]

right belt speed
left belt speed

Fig. 5. The speeds of each belt.

viscoelastic elements for modeling the foot contact and
reaction forces.

By following [4], [5], we used two types of speed con-
ditions for the splitbelt treadmill: 1. tied configuration with
vle f t = vright = 32.3 cm/s and 2. splitbelt configuration with
vle f t = 38.8, and vright = 25.8 cm/s, where vle f t is left
belt speed and vright is right belt speed. Because our model
has bilateral symmetry, we examined only the configuration
(vle f t ≥ vright ). To clearly see the difference of the locomotor
behavior between these speed conditions, firstly our model
walked on the tied configuration. After our model established
steady walking, we changed the speed condition from the tied
configuration to splitbelt configuration (Fig. 5).

Some characteristic locomotion parameters change in
splitbelt treadmill walking of humans and animals [4], [5].
Based on these observations, we focus on the following five
parameters.

1) Stride length, which is the distance from the foot-
contact to lift-off positions of one leg.

2) Step length, which is the distance between the foot
positions of two legs at the foot contact of one leg.

3) Duty factor, which is the ratio of the stance phase
duration relative to one gait cycle duration.

4) Percent of double support duration, which is the ratio of
the time duration when both feet are in contact with the belt
relative to one gait cycle. (fast/slow double support duration
is defined as occurring at the end of the fast/slow limb’s
stance.)

5) Relative phase between the left and right legs. We used
the relative phase between the oscillators.

V. RESULTS

We determined the control parameters so that our model
produced stable walking in the tied configuration without
depending on the use of phase resetting. When the configu-
ration of the treadmill was switched from the tied to splitbelt
configuration, the gait of our model without phase resetting
was much disturbed and our model did not establish stable
walking. On the other hand, our model with phase resetting
recovered soon after being disturbed by the change of the

 0

 1

 2

 3

 4

 5

 6

 0  2  4  6  8  10

V
e

rt
ic

a
l 
[c

m
]

Horizontal [cm]

slow leg
fast leg

A

 0

 1

 2

 3

 4

 5

 6

 0  2  4  6  8  10

V
e

rt
ic

a
l 
[c

m
]

Horizontal [cm]

slow leg
fast leg

B

Fig. 6. Stick diagrams during the (A) tied and (B) splitbelt configurations.

splitbelt configuration and continued stable walking. Figure
6A and B show the stick diagrams of legs during the tied
and splitbelt configurations.

Figure 7A shows the stride length of each step. During
the tied configuration, the values on the fast and slow sides
were identical. However, during the splitbelt configuration,
they increased on the fast side and decreased on the slow
side. This is because moving distances of the feet changed
depending on the belt’s speed. Figure 7B shows the step
length of each step. The values were also identical between
the fast and slow sides during the tied configuration. During
the splitbelt configuration, they decreased on the fast side
and increased on the slow side. It means that, during the
splitbelt configuration, the slow side leg contacted the belt
when the fast side leg was pulled more backward (this made
step length longer) and the fast side leg contacted the belt
when the slow side leg was not pulled so much (this made
step length shorter).

Figure 8A shows duty factor. The values were identical
between the fast and slow sides during the tied configuration.
During the splitbelt configuration, they decreased on the fast
side and increased on the slow side. This reason is considered
as follows: foot-contact timing of the slow side leg became
earlier because the horizontal speed of the fast side leg away
from the COM position became faster, while foot-contact
timing of the fast side leg became later because the horizontal
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speed of the slow side leg away from the COM position
became slower. As a result, the stance duration on the fast
side became shorter and the stance duration on the slow
side became longer. Figure 8B shows the percent of double
support duration. During the tide configuration, the values
also were identical between the fast and slow sides. During
the splitbelt configuration, they decreased on the both side
but the value on the fast side was smaller than the slow side.
This means that the body weight shifted from the fast to slow
side leg quickly while the body weight shifted from the slow
to fast side leg slowly.

Figure 9 shows the relative phase between the oscillators.
During the tide configuration, the value was π . However, dur-
ing the splitbelt configuration, it shifted from antiphase. This
is caused by the asymmetry of the leg movements between
the left and right sides as shown in above adaptations.

Adaptation trends of these five parameters are qualitatively
similar to those of early adaptation in human splitbelt tread-
mill walking [4], [5]. Duty factor and percent of double
support duration showed qualitatively similar trends to those
of early adaptation in cat splitbelt treadmill walking (there
is no data for the other parameters) [8]. In our model, late
adaptation was not observed.

 46

 48

 50

 52

 54

 56

 58

 60

 62

 0  10  20  30  40  50  60

D
u

ty
 f
a

c
to

r 
[%

]

Time [sec]

slow leg
fast leg

v    = vleft right v    > vleft right

A

 2

 3

 4

 5

 6

 7

 8

 0  10  20  30  40  50  60

D
o

u
b

le
 s

u
p

p
o

rt
 d

u
ra

ti
o

n
 [
%

]

Time [sec]

slow leg
fast leg

v    = vleft right v    > vleft right

B

Fig. 8. Simulation results of (A) duty factor and (B) percent of double
support duration. Duty factor is the ratio of the stance phase duration relative
to one gait cycle duration. Percent of support duration is the ratio of the
time duration when both feet are in contact with the belt relative to one gait
cycle. (fast/slow double support duration is defined as occurring at the end
of the fast/slow limb’s stance.)

 2.8

 2.9

 3

 3.1

 3.2

 0  10  20  30  40  50  60

R
e

la
ti
v
e

 p
h

a
s
e

 [
ra

d
]

Time [sec]

relative phase
π

v    = vleft right v    > vleft right

Fig. 9. Simulation result of relative phase between the oscillators.

VI. CONCLUSION

In this study, we conducted computer simulation of split-
belt treadmill walking by the hindlimbs of a rat based on a
neuromusculoskeletal model. When the speed configuration
of the treadmill changed from the tied to splitbelt con-
figuration, our model continued stable walking by sensory
regulation based on phase resetting and adaptations appear
in kinematics and rhythm of locomotion.

In the nervous system model, when we changed the speed
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configuration of the treadmill, we did not change the control
parameters, such as φ Start

i , ∆φi, and wm,i. The environmental
change influenced the body dynamics as shown in the
changes of the locomotion parameters and phase resetting
contributed to producing stable walking while inducing the
changes of foot-contact timing. When we did not use phase
resetting, the locomotion parameters were largely disturbed,
which caused falling down of our model.

It is suggested that the late adaptation, which was not
observed in our model, is caused by cerebellum function [4].
In future works, we should improve our model by including
cerebellum model to clarify functional roles of the nervous
system in generating adaptive locomotion. In addition, to ver-
ify our neuromusculoskeletal model, we should compare the
simulation results with the data of rats walking on a splitbelt
treadmill. Through such improvement and comparison, the
simulation study with a neuromusculoskeletal model will be
expected to be a useful tool to investigate the mechanisms
in generation of locomotion.
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