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1 Introduction

Quadruped animals orchestrate their bodily degrees of
freedom to achieve agile and adaptive locomotion. Sprawl-
ing locomotion, characterized by walking gaits with lateral
trunk bending, presents an intriguing model behavior for in-
vestigating underlying motor control principles. This lo-
comotion pattern is observed across amphibians, reptiles,
and mammals [1]. Moreover, paleontological evidence sug-
gests that this behavior was also present in extinct primitive
tetrapods [2], indicating that sprawling locomotion likely
encapsulates fundamental principles for whole-body coor-
dination in quadruped motor control.

A key characteristic of sprawling locomotion is its adap-
tive gait patterns. For instance, salamanders modulate both
their footfall patterns and axial movements according to
speed [3]. They employ a walking gait at slow speeds and
transition to a walking trot gait at higher speeds. Similarly,
their axial flexion manifests as a standing wave at slower
speeds and transforms into a traveling wave at higher speeds.
Additionally, axial movements adapt in response to morpho-
logical features. Species with short trunks exhibit traveling
axial motion with long wavelengths relative to their body
length, whereas species with long trunks display motion pat-
terns with shorter wavelengths [4]. These adaptive gait gen-
erations represent a fundamental property of motor control
in sprawling locomotion.

This study aims to investigate the underlying control
mechanisms for adaptive motor control in sprawling loco-
motion through mathematical modeling and computational
simulations. In our previous work, we proposed a decen-
tralized control framework utilizing sensory feedback for
axial–limb coordination, successfully reproducing speed-
dependent gait transitions in a simulated model [5]. Based
on this work, we developed a control mechanism capable of
morphology-adaptive gait generation and considered shared
principles for whole-body coordination in quadruped motor
control.

2 Model

We present a quadruped model with a flexible trunk, as
illustrated in Figure 1. The model consists of multiple axial
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Figure 1: Proposed quadruped model.

segments connected to four limb segments. The axial seg-
ments form a chained structure through trunk joints, each
incorporating an active yaw and a passive pitch hinge. Each
leg features two rotary actuators in the yaw and roll direc-
tions, with their movements governed by phase oscillators.

The controller is based on the previous work [5]. The
actuators in each segment are individually controlled by dis-
tributed controllers. Specifically, the limb actuators are con-
trolled by a proportional-derivative (PD) controller, where
the target position is determined by the oscillator phase φi, j.
Here, i denotes the trunk segment number to which the leg
connects, and j indicates the left-right position (l or r).
When 0 < φi, j ≤ π , the leg rises and swings forward; oth-
erwise, it descends and swings backward (Fig. 1c).

The time evolution of the oscillator phase is described as
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Figure 2: Simulation results.

follows:

φ̇i,l = ω −σLLNi,l cosφi,l +σBLRi cosφi,l , (1)

φ̇i,r = ω −σLLNi,r cosφi,r −σBLRi cosφi,r, (2)

Ri = τi−1 − τi, (3)

where ω represents the intrinsic angular velocity of the os-
cillator, and σLL and σBL are the weights of feedback gain;
Ni, j is the normal force at the foot and Ri is the actuation
of neighboring trunk joints, where Ri > 0 indicates the trunk
link rotates right. The second term on the right side of Eqs. 1
and 2 is local sensory feedback that organizes interlimb co-
ordination [6]. The third term on the right side of Eqs. 1 and
2 modifies the oscillator phase in response to body actuation.
For example, when the trunk link rotates right (Ri > 0), the
feedback modifies the phase of the right leg to 3π/2 and the
left leg to π/2, so that the right leg operates in the stance
phase while the left leg functions in the swing phase. The
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Figure 3: Simulation shows trunk flexion (green/white) and
foot ground contact phases (orange/white).

bidirectional feedback between the trunk and limb generates
adaptive axial–limb coordination.

The axial actuators are controlled by normal force feed-
back and anterior joint angle feedback:

˙̄
θi = σLBÑi +σBB(θi−1 −θi), (4)

Ñi = tanh(γNi,l)− tanh(γNi,r) (5)

where ˙̄
θi is the time evolution of the target angle θ̄i of the

ith trunk segment; σLB, σBB, γ are the weights of feedback
gain. The normal force feedback generates lateral bending,
where the trunk joint bends left when the left leg obtains the
normal force and vice versa. The angle feedback makes the
joint angle follow the actual angle of the anterior trunk joint.
The target angle is achieved by PD control.

3 Results

We conducted simulation experiments and observed the
behavior in two cases with a short trunk (9 joints) and
a long trunk (21 trunk joints), as shown in Fig. 2, with
the same control parameters as follows: ω = 2.5 [rad/s],
σLL = 0.1 [rad/Ns], σBL = 2.2 [rad/Nms], σLB = 1.0 [rad/s],
σBB = 8.0 [1/s], γ = 0.1 [1/N]. The color of the simulated
model indicates trunk flexion where the green trunk joint
bends left and the white joint bends right. The orange foot
is on the ground and the white foot is off the ground (Fig. 3).

Figure 2a showed that the short trunk model exhibited
a walking gait combined with a traveling wave of lateral
bending. The wavelength exceeds two body lengths, and
at certain points in time, all trunk joints simultaneously
bend in the same direction. Figure 2b showed that the long
trunk model also exhibited a walking gait combined with
a traveling wave of lateral bending. The wavelength ap-
proximates one body length, as indicated by one complete
wave observed along the trunk. The wavelength variation
likely comes from the first-order delay of axial joint con-
trol (Eq. 4). The first-order delay affects the phase delay
of axial bending, and the wavelength is related to the num-
ber of body segments. These results demonstrated that the
proposed model flexibly changes the trunk movement in re-
sponse to the body length, similar to actual animals, and
suggested that different axial–limb coordination patterns be-
tween species can be generated from a single control princi-
ple.
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