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1 Introduction

The primitive tetrapods transitioned from aquatic to ter-
restrial habitats. When they moved on land, they used
sprawling locomotion, a walking gait with lateral body un-
dulation observed in extant amphibians, and reptiles [1].
However, the possible control mechanisms underlying prim-
itive tetrapod walking remain elusive. A better understand-
ing of the potential control mechanisms contributes to un-
veiling the terrestrialization of vertebrates and the design of
amphibious quadruped robots.

To address this issue, we focused on Polypterus sene-
galus, which is a elongated fish regarded as an extant ana-
log of the primitive tetrapods [2]. The fish can perform
sprawling-locomotion-like behavior that combines the body
bending with two pectoral fin oscillations. Due to the evolu-
tionary position, the control mechanisms underlying the be-
havior are likely related to those of the primitive tetrapods.

In this proceeding, we aimed to understand the poten-
tial mechanisms underlying the terrestrial locomotion of
Polypterus senegalus using mathematical modeling and sim-
ulations. Specifically, we present a decentralized control and
its implementation into a simulated Polypterus senegalus.
The controller was proposed in our previous work [3] and
enabled a salamander robot to generate stable sprawling lo-
comotion. The results showed that the controller enables a
simulated Polypterus senegalus to generate a stable walk-
ing as well. These results suggest that the sensory feed-
back mechanisms play an essential role in fish and amphib-
ian walking. A shared control pattern between these two
diverse groups suggests that the common ancestors of fish
and tetrapods, namely the first terrestrial vertebrates, likely
adopted a similar mechanism for their walking.

2 The Model

2.1 Body Structure
The simulated body is a very abstract model of the

Polypterus senegalus composed of n trunk segments and two
pectoral fins, as shown in Fig. 1. The segments are concate-

Figure 1: Schematic of body model (in the figure n = 11,
k = 3).

nated via yaw hinge joints with a parallel combination of a
rotary actuator, passive spring, and passive damper. Pectoral
fins are attached on both sides of the k-th segment. Each fin
has two rotary actuators in the yaw and roll directions, con-
trolled by the phase oscillators.

Each fin tip has a force sensor that detects the normal
force from the ground, and each trunk joint has angle and
torque sensors. The angle sensors detect the angle θ b

i of
the i-th trunk joint from the head. Here, the i-th trunk joint
connects the i-th and i+ 1-th segments from the head. The
joint angle θ b

i is positive when the trunk joint bends to the
right. The torque sensors detect the torque generated by the
rotary actuators at the trunk joint.

2.2 Control Circuit
Here, we described the detail of a decentralized control

algorithm, which coordinates lateral body bending and fin
oscillations by bidirectional feedback between the body and
fins. Each fin has a phase oscillator that determines the target
position of the fin tip as shown in Fig. 1. The fins are con-
trolled by proportional-derivative (PD) control so that they
approach their target positions. The time evolution of the
oscillator phase is described as follows:

φ̇ j = ω + fLL, j + fBL, j, (1)
fLL, j =−σLLN j cosφ j, (2)

fBL, j =

{
+σBL tanh(ρBLτb

k,act)cosφ j ( j = l)
−σBL tanh(ρBLτb

k,act)cosφ j ( j = r),
(3)



Figure 2: Snapshots of the resulting gait with an interval of 0.4 [s]. See from left to right.

where φ j denotes the oscillator phase of the fin on the j side
(left fin: j = l, right fin: j = r), ω [rad/s] denotes the intrin-
sic angular velocity of the phase oscillators, σLL [rad/N·s],
σBL [rad/s], and ρBL [1/N·m] are the weights of the sensory
feedback terms. Ni [N] represents the normal force detected
at the fin tip. τb

i,act [N·m] represents the torque generated by
the trunk actuator of the i-th segment.

Equation (2) denotes local sensory feedback due to nor-
mal forces, proposed by Owaki et al. [4], and it generates
interlimb coordination in response to the speed and physical
properties of the robot.

Equation (3) denotes body-to-limb feedback. When the
k-th trunk actuator bends the body to the right (τb

k,act > 0),
the oscillator phase of the left fin is modulated toward π/2 to
lift the fin, and the oscillator phase of the right fin is modu-
lated toward 3π/2 to place the right fin on the ground. This
facilitates that the k-th trunk actuator bending the body to
the right (θ b

k > 0), and the body moves forward when the
anchored fin serves as a pivot.

The torques at trunk actuators are described as follows:

τ
b
i =−kpθ

b
i − kd θ̇

b
i + τ

b
i,act , (4)

τ
b
i,act = fLB,i + fBB,i, (5)

fLB,i =

{
σLB tanh{ρLB(Nr−Nl)} (i = k),
0 otherwise, (6)

fBB,i =

{
0 (i = 1),
−σBB(θ

b
i −θ b

i−1) otherwise,
(7)

where θ b
i is the actual angle of the trunk actuator, σLB

[N·m/rad], ρLB [N·m] and σBB [1/N] represent the weights
of the sensory feedback.

Equation (6) denotes the limb-to-body feedback such
that k-th trunk segments bend in response to the ground con-
tacts of the fins. When the left fin is on the ground (Nl > 0),
the k-th trunk actuator bends the body to the left (τb

k,act < 0).
Similarly, when the right fin is on the ground (Ni,r > 0), the
k-th trunk actuator bends the body to the right (τb

k,act > 0).
The interactions of the body-to-limb and limb-to-body feed-
backs establish the proper relationship between the fins and
trunk for terrestrial walking.

Equation (7) denotes the curvature derivative control
proposed in the study of snake-like locomotion [5]. It gen-
erates torque proportional to the curvature derivative of the
body curve such that the lateral body undulation propagates
posteriorly. The interplay between limb-to-body and body-
to-body feedbacks arranges the waveform of the lateral body
undulations.

3 Experimental Result

We conducted robot simulations using the Open Dy-
namics Engine [6], and observed the walking behavior sim-
ilar to Polypterus senegalus terrestrial locomotion. Fig-
ure 2 presents snapshots during resulting locomotion. The
proposed model exhibited the C-shaped standing waves of
the lateral undulations with limb motion. Interestingly, we
observed that the simulated Polypterus senegalus pushed
against the ground by the posterior body for forward propul-
sion. The resulting locomotion, therefore, is qualitatively
similar to the Polypterus senegalus walking pattern [2, 7].
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Fisher, and A. J. Ijspeert. Reverse-engineering the locomotion of a stem
amniote. Nature, 565(7739):351–355, 2019.
[2] E. M. Standen, T. Y. Du, and H. C. E. Larsson. Developmental
plasticity and the origin of tetrapods. Nature, 513(7516):54–58, 2014.
[3] S. Suzuki, T. Kano, A. J. Ijspeert, and A. Ishiguro. A salamander
robot driven by cross-coupled sensory feedback control between legs and
trunk. In the 9th International Symposium on Adaptive Motion of Animals
and Machines (AMAM 2019), Lausanne, 2019.
[4] D. Owaki and A. Ishiguro. A quadruped robot exhibiting spon-
taneous gait transitions from walking to trotting to galloping. Scientific
Reports, 7.1:277, 2017.
[5] H. Date and Y. Takita. Adaptive locomotion of a snake like robot
based on curvature derivatives. In 2007 IEEE/RSJ International Conference
on Intelligent Robots and Systems, pages 3554–3559, San Diego, 2007.
[6] R. Smith. Open dynamics engine. 2005.
[7] K. L. Foster, M. Dhuper, and E. M. Standen. Fin and body
neuromuscular coordination changes during walking and swimming in
polypterus senegalus. Journal of Experimental Biology, 221(17), 2018.


