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Abstract
Understanding terrestrial locomotion in walking fish species can unlock new insights into verteb-
rate evolution and inspire versatile robotic systems capable of traversing diverse environments.
We introduce a novel, single-actuator continuum robot inspired by the terrestrial locomotion of
the gray bichir (Polypterus senegalus), which employs a simple rotating helix to reproduce real-
istic undulatory movements. We hypothesized that a simplified robotic model with minimal actu-
ation could accurately replicate the terrestrial locomotion patterns observed in P. senegalus. Using
a ‘robot-twin’ methodology, we developed four helix configurations directly informed by the
observed gait postures of real fish specimens and compared robotic performance and kinematics
against biological data. We found that helix geometry significantly influenced both locomotion
speed and lateral stability, with designs closely mimicking biological curvatures often exhibit-
ing trade-offs between accuracy and performance. The fastest helix configuration produced the
greatest lateral oscillation, whereas the most biologically accurate shape resulted in reduced loco-
motion efficiency. Additionally, integrating passive leg structures greatly enhanced stability, mir-
roring the biomechanical function of pectoral fins in the real fish. These findings underscore the
value of minimalistic robotic designs in understanding fish-like locomotion and pave the way for
future robotic platforms using reduced degrees of freedom.

1. Introduction

One of the fundamental intersections between bio-
logy and mechanics is the study of locomotion. For
biological organisms and engineered systems alike,
the type of locomotion that an agent employs is
heavily dependent on the environment in which
it moves. Animals capable of multi-modal loco-
motion are often highly adapted for movement in
one medium but can deploy alternative, less effi-
cient gaits in others. For instance, while the stream-
lined morphology of fishes is optimized for swim-
ming, some species are also capable of walking
on land [1]. Although fish swimming mechan-
ics are well characterized, their terrestrial walking
remains comparatively understudied, leaving many
open questions about how organisms adapted for

aquatic life overcome the challenges of moving on
land.

A common technique for studying locomotion
is the use of bioinspired robots to collect struc-
tured data systematically with well-defined input and
output signals. Researchers can design robots with
the exact desired morphologies and generate known
motions for controlled experiments that follow the
ceteris paribus principle (i.e. one feature of interest is
varied while all other features remain constant) [2].
Furthermore, since locomotion is governed by the
forces and interactions between the system and the
environment, physical robots are valuable for study-
ing locomotion as they can provide insights into pro-
cesses that depend on the interactions between the
system and the real world [3, 4]. Physical experiments
with bioinspired robots not only can reproduce
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biological phenomena but can also generate new
hypotheses about living organisms, which can then
be tested through biological experiments [5]. This
reciprocal approach, often termed the ‘robot-twin’
paradigm, highlights the two-way exchange between
biology and engineering: biological systems inspire
better robotic designs, while robotic models uncover
new insights into the natural world.

To model the locomotion of walking fish with a
bioinspired robot, we took inspiration from the gray
bichir Polypterus senegalus, which walks by planting
a pectoral fin against the ground and articulating
its spinal column to pivot its body around the sta-
tionary fin [6]. P. senegalus displays intraspecific dif-
ferences between its walking kinematics and swim-
ming kinematics [7], indicating the importance of
a model specific to the walking motion of P. seneg-
alus. Furthermore, there are considerable interspe-
cific differences in morphology and motion between
fish to consider when adapting other existing models
of locomotion [8–10].

Therefore, although there has been extensive
development of fish-like robots capable of swim-
ming, these previous systems cannot be expected to
reproduce these walking gaits [11–14]. The gait of
P. senegalus is also different from the gaits of other
walking fishes [15–18]. For example, mudskippers
use a ‘crutching’ gait which drives locomotion via
the motion of pectoral fins without the articula-
tion of the body axis [19], which has been demon-
strated in several different robotic models [20–22].
Furthermore, bioinspired robotics have been used to
create other types of terrestrial locomotion adjacent
to thewalking gait ofP. senegalus such as the slithering
of snakes [23, 24], the sprawling gait of salamanders
[25, 26], and the peristalticmotion of worms [27, 28].
However, these other robotic models of locomotion
are distinct from the combination of a single pair
of anterior appendages and an articulating vertebral
column characteristic of P. senegalus.

Modeling complex morphologies, such as those
seen in animals, is a significant challenge in the devel-
opment of bioinspired robots. Imaging technologies
such as cineradiography [29], the combination of
static CT scan images and dynamic x-ray video [30],
and computer vision [31] can provide detailed data
about the morphology and kinematics of an organ-
ism, but no robotic model can perfectly recreate
the biological system of interest. Simplifications are
necessary to create a physical instantiation and the
level of detail required for the model depends on the
research question to be answered [32]. For example,
abstract models can be simple enough that their
features are applicable to a range of disparate spe-
cies, allowing researchers to contrast species through-
out evolutionary lineages [33]. Abstracting away the
majority of morphological details can produce a tem-
plate that is applicable across a range of species while

attempting to realistically replicate morphological
details can produce a model anchored to the features
of a specific species [34]. These simplified models can
look like approximating a biped leg as an inverted
pendulum with springs [35], simplifying a leg with
many degrees of freedom to a single linkage [36], or
creating a fish’s tail actuated by tendons that leverages
soft material properties to get specific spatial deform-
ations with one actuator [37]. Furthermore, design-
ing a system that generates net forward locomotion
is nontrivial when considering nonidealized environ-
ments and uncertain contact points or ground reac-
tion forces [38]. Several simulation and robotic stud-
ies have previously explored locomotion mechan-
isms similar to that of P. senegalus, including simpli-
fied body-limb coordination models and reconfigur-
able amphibious robots that emulate primitive tetra-
pod walking behavior [39, 40]. While these studies
provide valuable insights into body-limb coordina-
tion and gait transitions, our work focuses on devel-
oping aminimalistic physical robot directly informed
by the midline kinematics of P. senegalus during
terrestrial locomotion.

In this work, we present a single-actuator wave-
like continuum robot inspired by the walking fish
P. senegalus (figure 1). This robot consists of fifteen
rigid links actuated by a rotating helix such that the
single rotational degree of freedom propagates an
undulating wave down the body of the robot [41].
We augmented the robot with a single pair of fin-
inspired appendages in the anterior portion of the
body, using the undulating body wave to create a
walking gait rather than a slithering or peristaltic
gait.

To narrow the design space of infinite poten-
tial undulating body waves to biologically plausible
motions, we generated four helical waveforms based
on representative body postures tracked from exper-
iments with P. senegalus specimens. We used each
helix to actuate the robot and measured the forward
walking speed of the robot’s locomotion with each.
Finally, we compared the kinematics of the robot with
each helix to the body postures to assess how well a
mechanism with a single degree of freedom repro-
duces the shape of the fish. While the fish-inspired
robot does not replicate the kinematics of P. seneg-
alus exactly, The results of this study indicate that, on
smooth and flat ground, a slender-bodied robot with
a pair of appendages can move forward using undu-
latory gaits that are simpler than those observed in
real fish. Figure 2 provides an overview of the robot-
twin framework, provides an overview of the robot-
twin framework and summarizes howbiologicalmid-
line data from P. senegalus are translated into helix
designs and subsequently evaluated through robotic
experiments.

In section 2, we describe the experimental meth-
ods for collecting data from theP. senegalus specimens
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Figure 1. The robot and its biological inspiration (a) lateral view of Polypterus senegalus (scale bar for fish 10mm). (b) Single-
actuator wave-like robotic fish (scale bar for robot 15mm).

Figure 2. ‘Robot-twin’ pipeline. Biological kinematic data from P. senegalus were translated into the design of several distinct
robotic models, which were then experimentally evaluated and compared to the fish to determine which reduced-order model
best approximated the biological midline trajectories.

and the data processing pipeline for obtaining the
kinematics of the fish. In section 3, we explain the
design of the robot and how the kinematics of the fish
are converted into the relevant design parameters. In

section 4, we discuss the experimental characteriza-
tion of the robot with different helix designs and in
section 5, we compare the motion of the fish to the
motion of the robot with different helices. Finally, we
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present conclusions and future implications of this
work in section 6.

2. Tracking the midline kinematics of
P. senegalus

Analyzing the kinematics underlying animal loco-
motion is a natural first step to translate the move-
ment of the biological inspiration to the design of a
robot. Because the literature is sparse on the design of
robots that utilize fish-like walking gaits, we collected
data about the kinematics of P. senegalus to use as the
basis of the walking motion of the robot. As such, we
performed experiments with P. senegalus specimens
and tracked the midlines of the individuals during
terrestrial locomotion. Figure 3 presents the process
of tracking the midline from dorsal view videos of
the fish specimens via detection, segmentation, and
skeletonization steps.

2.1. Recording walking kinematics of P. senegalus
Experiments were performed using five P. seneg-
alus specimens with an average body length (BL)
of 10.72 cm and average mass of 7.22 g. The fish
were placed in a 28 cm × 18 cm fish tank that had
medium-sized gravel covering the bottom to simulate
natural terrestrial conditions (figure 3(a)).

A high-speed camera was positioned directly
above the tank, capturing dorsal-view videos of fish
locomotion at 250 frames per second in gray scale. To
calibrate the video frames to absolute units, we also
took videos of a static calibration object with thirty
features of known dimensions so that the scaling and
any linear or angular offsets of subsequent frames
with the fish were known.

Five P. senegalus specimens were used in the
experiments generating six locomotion trials between
them. Capturing consistent locomotion data presen-
ted challenges, as the fish did not exhibit uniform
walking behavior and exhibited intermittent move-
ments with frequent pauses, and significant lateral
deviations instead of steady, straight walking. The
average recorded duration of each trial was approx-
imately 30 s; however, usable segments within these
recordings were limited due to inconsistent loco-
motor behavior. Therefore, five videos from five dif-
ferent individuals in which the fish walked in a con-
sistent straight path for multiple steps were selected
for analysis, where one gait cycle starts and ends with
the tip of the fish’s tail at its extreme position on
the left side of the body (e.g. supplementary video
S1). Figure 3(b) provides a series of representative
example frames of the collected dataset which shows
the fish’s posture during a single gait cycle from the
dorsal view.

2.2. Tracking the midline of P. senegalus
Figure 3(b) illustrates the complete automated
pipeline used for extracting the fish midline using

computer vision techniques. As a first step, all
frames from the recorded video dataset were extrac-
ted and used as input images for the detection
algorithm. The fish was initially detected using the
grounding-DINO algorithm, a zero-shot detection
model that utilizes text-based prompts to identify
objects without requiring manual annotation [42].
A general descriptor prompt, ‘fish’, was provided
to accurately locate the target object within each
frame. Grounding-DINO returns tight bounding
boxes around the detected fish, effectively eliminating
the need for manual labeling, thereby streamlining
the entire detection pipeline.

Following the detection of the fish, we then
segmented the fish’s body from the background
using the segment anything model (SAM) [43].
SAM leverages the bounding boxes provided by
grounding-DINOas initial prompts to generate pixel-
level segmentation masks, effectively isolating the
fish body from the gravel background to gener-
ate a binary mask. We then applied a skeletoniz-
ation method to extract the midline of the shape,
which reduced the binary object to its central pixels
[44], in this case returning the midline of the fish
from snout to tail. We used an existing algorithm
(skimage.morphology.skeletonize Python lib-
rary [45]) to extract a one-pixel-wide midline that
captures the fish’s body curvature. The initial skelet-
onized midline can appear jagged or contain small
extraneous branches due to pixel-level noise in the
segmentation mask, so we applied a low-pass filter to
smooth the midline. The results of the entire tracking
and midline extraction pipeline used in this study are
illustrated in figure 3(b).

3. Design of the single-actuator wave-like
robotic fish (SAWRF)

The SAWRF is made up of five main elements: a
motor, a motor housing, a helix, a chain of fifteen
rigid links that form the body of the robot, and a
pair of legs (analogous to the pectoral fins that the
fish uses in terrestrial locomotion). The single actu-
ator of the SAWRF is a 50 rpm DC motor (mass
of 10 g with 2.2 kg ·cm locking torque). The helix is
mounted directly to the motor output shaft so that as
the motor spins, the continuous rotation of the helix
induces a sinusoidal bending wave through the body
(figure 4(a)). The links are connected to each other by
flexible but inextensible 1.5mmbraided wire tendons
that pass through from themotor housing to the final
link. These tendons prevent the links from separat-
ing axially or from rolling with respect to each other.
There is a small amount of slack in the tendon that
allows the helix to create in-plane undulation while
avoiding self-collisions between the tendons. The first
link is attached to the motor housing and the sixth
link is attached to a pair of small legs, which are longer
than the height of the links(figure 4(b)).
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Figure 12. Comparison of Polypterus senegalus’s midline B at 66% gait cycle with the midlines of the robot generated using the
four helices at 60% gait cycle. All midlines were spatially normalized and aligned so that they started and ended at the same x-
position in the plot to enable direct geometric comparison. The RMSE comparison of fish Midline B with the robot midlines gen-
erated by Helix 1, Helix 2, Helix 3, and Helix 4 indicates that Helix 2 exhibits the lowest RMSE at 60% of the gait cycle (0.5069),
compared to 0.5909, 1.5393, and 1.5265 for Helices 1, 3, and 4, respectively. This result shows that Helix 2 provides the closest
geometric match to Midline B at this phase of the gait cycle.

Figure 13. Root Mean Square Error (RMSE) values comparing midlines of the robotic fish driven by the four helix configurations
with midlines extracted from four representative gait phases of P. senegalus (Midlines A, B, C, E). Each fish midline corresponds
to a single frame of the fish’s gait cycle and was compared against five evenly spaced timesteps of the robot gait cycle for each helix
configuration. Each boxplot represents the distribution of RMSE values across these five robot timesteps, with mean values indic-
ated by colored circles. Lower RMSE values correspond to closer geometric alignment between robotic and biological midlines.
Helix 1 yielded the lowest mean RMSE when compared with Midline B, indicating the closest match in curvature at that gait
phase.

by connecting the head and tail points extracted from
the skeletonizedmidline. This line was used as a refer-
ence for aligning and rotating the midlines so that the
body axis was parallel to the x-axis before comparison
with the robotic midlines.Then, we linearly scaled the
y coordinates of the robot’s midline within the range
of minimum and maximum coordinates of the fish’s
midline. To scale the horizontal axis of the robot’s

midline, we generated a vector of equally spaced x
coordinates (the same number of points as contained
in the fish’s midline) within the minimum and max-
imum coordinates of the fish’s midline. Finally, we
used a cubic spline interpolation of the points pre-
viously generated by the normalization of the height
to fit the robot’s midline across the new range of x
coordinates.
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Figure 14. Comparison of the robot’s walking speed and the fish’s walking speed across different frequencies measured in body
lengths per second. (a) Velocity of the robotic fish using different helix types at motor frequencies of 0.6, 0.75, 0.9, and 1Hz.
Helix 4 consistently achieved the highest speed across all motor frequencies. (b) Velocity of P. senegalus during terrestrial walking
on gravel substrate measured across five individuals at gait frequencies from 1.1–3.57Hz. The fish reached a peak velocity of
0.688 BL s−1 at 3.57Hz.

Each RMSE value was then obtained by com-
paring a fish midline extracted from a single video
frame with a robot midline taken from a single frame
of the robot gait cycle under one of the four helix
configurations (Helix 1–4). Five robot frames were
sampled at evenly spaced points across one gait cycle
for each helix, yielding five RMSE values for each fish-
helix pair. Z-scores were calculated for each midline,
defined as zi = (yi − � )=� , where � is the mean of
all points on the midline and � is the standard devi-
ation of all points on the same midline. RMSE was
then computed point-wise between the normalized
fish and robot midlines. The resulting five RMSE val-
ues for each helix were aggregated into the distribu-
tions shown in figure 13.

Each boxplot in figure 13 summarizes the RMSE
distribution across the five timesteps for each fish
midline, providing a measure of the average spatial
deviation between the robotic and biological mid-
lines (e.g. the leftmost boxplot aggregates the devi-
ations between the robot withHelix 1 at five timesteps
and the snapshot of P. senegalus labeled Midline A).
Midline B exhibited the lowest deviation with Helix 2
at 60% of the gait cycle (RMSE = 0.5069), compared
to 0.5909, 1.5393, and 1.5265 for Helices 1, 3, and 4,
respectively.

When we compare the robot’s motion with each
individual helix to the four midlines identified from
the fish (i.e. comparing the effect of the helix design to
the fish throughout the fish’s gait cycle), we do not see
significant statistical differences. This suggests that no
single helix will consistently match the fish’s kinemat-
ics throughout the entire gait cycle.However, all of the

helices designed based on single snapshots of the fish’s
walking gait generate forwardwalking, indicating that
the time-varying sinusoidal pattern is not necessary
for this type of locomotion.

5.2. Comparing locomotion speed across
frequencies
To evaluate how the robot’s locomotion performance
compares with that of P. senegalus, we measured the
forward speed of both systems in units of BLs per
second (BL s−1). Figure 14(a) shows the velocity of
the robot (17.5 cm in length) with four helix config-
urations across motor actuation frequencies of 0.6,
0.75, 0.9, and 1.1Hz. Figure 14(b) presents the loco-
motion speeds of five trials of P. senegalus specimens
(on average 10.9 cm in length) walking on a gravel
substrate, measured across gait frequencies ranging
from 1Hz to 3.57Hz. Both the fish and the robot
exhibit faster walking speeds with higher frequency of
their body undulations. The fish reaches a peak velo-
city of approximately 0.688 BL s−1 at a gait frequency
of 3.57Hz, while the robot with Helix 4 achieves
the highest robot speed of approximately 0.18 BL s−1

at 1.1Hz.
We observe that while both the fish and the robot

walk faster with higher gait frequencies, the speed of
the robot remains below that of the fish. This high-
lights the limitations of the single actuator in replic-
ating the full biological motion. It also emphasizes
the importance of other biological adaptations such
as fin coordination and compliant structures that are
not fully replicated in the current robotic design.
Nonetheless, through this robot-twin framework, the
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