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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 3. Capturing data from the P. senegalus specimens. (a) Experimental setup for fish locomotion tracking in which dorsal
view videos of the fish on small gravel were obtained. (b) Pipeline for midline extraction: (1) dataset frames captured from
dorsal-view videos of P. senegalus, (2) fish detection using grounding-DINO (3) fish body segmentation from background via
segment anything model and midline extraction via skeletonization.

Figure 5 illustrates the internal configuration of
the robotic fish at different rotations of the helix,
demonstrating how the helix’s motion alters the pos-
itions of the links and legs relative to each another.
The BL can be adjusted by varying the number of
links; however, beyond a certain number of links for
a given helix length, the helix end is more likely to
become trapped between the last links, which halts
the motor’s rotation. As the helix rotates, it creates
an undulatorymotion that propagates along the body
links, generating the robot’s forward movement. To
highlight how the configuration evolves, three key

links are displayed in color: the first link attached
to the motor housing, the sixth link attached to the
legs, and the final link. The remaining links are made
transparent to visualize how the helix’s interactions
with the links changes the body’s shape. Figure 5(a)
illustrates the robot at the initial position which we
define as 0◦ rotation. Figure 5(b) shows the robot con-
figuration after the motor has rotated 90◦ clockwise
and figure 5(c) illustrates the configuration after 180◦

rotation.
The shape of the robot’s body continuously

changes as a function of the geometry of the helix
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Figure 4. Structural components of the SAWRF. (a) The rotating helix system that consists of a motor housing, motor mount,
and connector that produces the cyclical motion to generate undulation of the body. (b) Image of the body link with attached legs
that contributes to generating ground reaction forces for forward locomotion.

Figure 5. Sequential states of the single-actuator wave-like robotic fish (SAWRF) during helix rotation and relative positioning of
the links, helix, and leg at different motor rotation angles. (a) Initial configuration at 0◦ rotation with a single bend in the center
of the robot, (b) At 90◦ rotation, the helix-driven movement shifted the links and leg relative to each other into a shape with two
bends. (c) At 180◦ rotation, with a single bend in the center of the robot in the opposite direction of the 0◦ shape.

and the angle of the helix’s rotation. While there can
be a small amount of uncontrolled motion between
the links as a function of the tolerance between the
sliding parts (tendon and links, links and links, links
and helix), this shape change is negligible compared

to the pattern of undulation defined by the helix
shape. The friction between the tips of the legs and the
ground transformed this oscillatory movement into
forward thrust. The entire robotweighed 62 g andwas
175mm in length and 52mm in height. The motor
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Figure 6. 3D-printed helix prototypes with varying geometric parameters. Each helix differs in diameter, pitch, height, and
transition angle, affecting the wave propagation and locomotion characteristics of the robot. (a) D= 40mm, P= 157mm,
L= 110mm, θ = 0◦. (b) D= 9.5mm, P= 66.67mm, L= 140mm, θ = 5◦. (c) D= 25mm, N= 2, P= 55mm, L= 110mm,
θ = 0◦. (d) D= 20mm, P= 91.67mm, L= 110mm, θ =−4◦. (e) D= 45mm, P= 100mm, L= 110mm, θ = 10◦. (f)
D= 16mm, P= 61.11mm, L= 110mm, θ = 0◦.

housing, legs, helix, and body links were 3D-printed
from rigid PLA plastic. During all the experiments,
the motor of the SAWRF was powered by an offboard
power supply.

3.1. Design of the rotating helix
The helix plays a crucial role in the propulsion mech-
anism of the SAWRF because it determines the kin-
ematics of the robot’s body. The geometry of the helix
defines how the fifteen links change position with
respect to each other as a function of the helix’s angle
of rotation.

The helix is a circular coil defined by four primary
parameters: diameter (D), pitch (P), transition angle
(θ) and length (L). These 3D parameters uniquely
define the curvature, amplitude, and wavelength of
the 2D wave that propagates down the robot’s body.
Altering the helix parameters changes the robot’s
morphology and gait; for instance, varying the dia-
meter of the helix affects the amplitude of the induced
wave. Thus, we can design different helices that will
generate desired body shapes of the robot to explore
how the body kinematics affect locomotion speed of
the robot or the fish. Figure 6 presents a set of 3D-
printed helices with varying geometric parameters.

We define the four helix parameters as follows:

• Length (L): the total length of the helix, measured
along its central axis (z-axis) from one end to the
other. This determines the longitudinal span over
which the wave propagates along the robot’s body;
the longer the helix, the longer the body of the
robot will be, requiring eithermore links or thicker
links.

• Diameter (D): the initial diameter (x–y plane) of
the circular path followed by the helix around

the axis. This parameter, along with the transition
angle, defines the amplitude of the wave generated
along the robot’s body, where helices with larger
diameters generate body waves with larger amp-
litudes, which may influence ground interaction
and propulsion.

• Pitch (P): the axial distance between two con-
secutive turns of the helix. This determines the
wavelength, with larger pitches producing longer
wavelengths and affects the curvature of the
motion.

• Transition angle (θ): the angular parameter that
determines how the radius of the helix changes
along its length. The value of the transition angle
for each helix was determined from the change
in amplitude observed along the extracted mid-
line of the fish and was constrained by the max-
imum allowable amplitude within the robot struc-
ture. A transition angle of zero produces a wave
with constant amplitude along its length. A pos-
itive transition angle increases amplitude along its
length (i.e. the tail has a larger amplitude of oscil-
lation than the head) and vice versa for a negat-
ive transition angle. This results in a non-uniform
bending profile, where one part of the robot body
exhibits larger curvature.

The design and evaluation of the helix shapeswere
informed by the midline kinematics of P. senegalus.
Representative midlines extracted from dorsal-view
videos were used as biological references to determine
suitable geometric parameters for the helix. The selec-
ted parameters balanced the characteristic bending
pattern observed in the fish with the mechanical con-
straints of the robot, including link spacing, tendon
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Figure 7. Translating the 2D midline of the fish to a 3D helix. (a) 3D representation of the helix with its corresponding 2D projec-
tion onto the x–y plane. The coordinate system is defined such that the z-axis corresponds to the longitudinal axis of the fish
(head-tail direction), while the x- and y-axes define the lateral plane orthogonal to this axis. This projection is used to com-
pare the helix geometry with the extracted midline of the fish. The geometric parameters of the illustrated helix are length (L)
= 110mm, diameter (D)= 25mm, pitch (P)= 55mm, and transition angle (θ)= 0◦. (b) Quantitative comparison between the
fish midline (red curve) and the projected helix wave (black curve). (c) Side-view schematic of generalized helix variables: pitch
(P), length (L), and transition angle (θ). (d) Front-view schematic of helix variable diameter (D).

clearance, and the maximum height that could be
accommodated inside the body. Each helix was then
fabricated and evaluated experimentally to examine
how its geometry influenced locomotion. The projec-
ted two-dimensional shapes of the helices were visu-
ally compared with the corresponding fish midlines
to confirm similarity in amplitude and wavelength.
The locomotion tests, performed under different
motor input voltages, were used to assess how each
design affected forward speed, stability, and lateral
displacement.

We define the helix’s trajectory in three-
dimensional space using the following parametric
equations:

x(ϕ) =

(
D

2
+ z(ϕ) tan(θ)

)
cos(ϕ) ,

y(ϕ) =

(
D

2
+ z(ϕ) tan(θ)

)
sin(ϕ) ,

z(ϕ) =
P

2π
ϕ,

(1)

where ϕ is the angular parameter (in radians) used to
trace the helix, and varies from 0 to 2π L

P . The helix
is defined in a Cartesian coordinate system as illus-
trated in figure 7(a) where the z-axis corresponds to
the longitudinal axis of the fish (head-tail direction)
running along the center of the body, while the x- and
y-axes define the lateral plane orthogonal to this axis.
In this frame, the helix is wrapped around the z-axis,
and its projection onto the x–y plane describes the lat-
eral curvature of the wave. The parametric equations
of the helix define this geometry, with x(ϕ) and y(ϕ)
giving the lateral displacement and z(ϕ) describing
the longitudinal progression along the body axis.

Increasing θ is constrained by the robot’s internal
geometry as the helix must be able to rotate inside
the slots of the links. A larger transition angle or dia-
meter may cause the helix to interfere with the inner
walls of the links, limiting the helix’s ability to rotate.
Furthermore, to generate a feasible helix, the diameter
and transition angle must be chosen such that x(ϕ)
and y(ϕ) are always positive and the initial diameter
is larger than the thickness of the helix.

8
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Figure 8. The four helices inspired by the midline of a P. senegalus specimen. (a) Frames of the fish used as reference for the helix
designs with overlaid midlines. (b) CAD models of the four helix types, each with a fixed length of 110mm. The parameters
of each helix are as follows: Helix 1: D= 40mm, P= 157mm, θ = 0◦; Helix 2: D= 45mm, P= 100mm, θ = 10◦; Helix 3:
D= 25mm, P= 55mm, θ = 0◦; Helix 4: D= 20mm, P= 91.67mm, θ =−4◦. (c) Comparison of the 2D projections of Helix 1,
Helix 2, Helix 3, and Helix 4 with their corresponding midlines, showing the similarity in amplitude and wavelength.

We designed four helices with curvature profiles
inspired by representative examples of the fish’s mid-
line at different timesteps of their gait cycles.

All helices were constrained to a thickness of
3.5mm, a fixed total length of 110mm, a max-
imum amplitude of 25mm matching the height of
the central slot in each link (i.e. maximum values
of both x(ϕ) and y(ϕ) were 25mm), and a min-
imum pitch of 55mm to ensure that the resulting
body curvature did not exceed the bending angles
observed in the fish. For each design, we projected
the 3D helix into 2D space to directly compare the
planar shape of the robot with the planar view of the
fish in terms of amplitude andwavelength of the body
wave. The projection onto the x–y plane describes
the wave that propagates down the length of the
robot.

Figure 7 shows the design and evaluation pro-
cess for one of the helices with a diameter of
25mm, a pitch of 55mm, and a transition angle
of 0◦. Figure 7(b) presents a quantitative compar-
ison between the extracted midline of one frame of

P. senegalus and the 2D projection of the designed
helix. The midline of the fish is approximated by
a sinusoid of wavelength 55.15mm and amplitude
25.03mm, and the projected helix wave has a similar
wavelength of 57.4mm and amplitude of 25mm. The
unused posterior section refers to the end portion
of the helix that is not covered by the body links.
Figure 7(c) further illustrates the geometric variables
of the helix: pitch (P), length (L), and transition angle
(θ) in relation to the projected body wave, while
figure 7(d) provides a top down view of the helix
highlighting the definition of its diameter (D). These
visualizations clarify how each parameter contrib-
utes to shaping the robot’s body curvature and wave
propagation.

Figure 8 compares the four helix designs inspired
by the midline patterns of P. senegalus we generated
for the robotic system. Figure 8(a) shows frames from
experimental data with the extracted midlines of the
real fish overlaid to highlight the oscillatory wave-
like motion used as a reference for the designs of the
helices.
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Figure 9. Comparison of the robot’s stability with and without legs. (a) The robot with legs maintained its balance and forward
movement. (b) The robot without legs exhibited instability in the roll axis and could not balance upright.

To capture variations in the fish midline, four
helix designs were developed to generate sinusoidal
waves spanning key geometric differences across the
design space. Helix Type 1 (diameter 40mm, pitch
157mm, transition angle 0◦) represents a posture
with constant bending amplitude and low curvature.
Helix Type 2 (diameter 45mm, pitch 100mm, trans-
ition angle 10◦) produces undulation with amplitude
increasing from head to tail. Helix 2 has a larger amp-
litude, a shorter wavelength, and more wave cycles
along its length than Helix 1, and this leads to a more
frequent undulatory pattern along the body. Helix
Type 3 (diameter 25mm, pitch 55mm, transition
angle 0◦) corresponds to a posture where more than
one wavelength is formed along the body with con-
stant amplitude. Helix Type 4 (diameter 20mm, pitch
91.67mm, transition angle −4◦) generates undula-
tion with amplitude decreasing from head to tail.
Figure 8(c) presents the two-dimensional projections
of the helices and their corresponding fish midlines
for all four designs, similar to the comparison shown
in figure 7(b). This view highlights the similarity
in amplitude and wavelength between the projec-
ted helix geometry and the extracted fish midline,
demonstrating how each helix shape was derived
from the biological reference.

3.2. Leg design
The robotic fish also has two passive legs inspired
by the pectoral fins of P. senegalus [7, 46], which
are attached to the sixth body link at a point that
slightly elevates the body off the ground. This eleva-
tion reduces surface friction and contributes to over-
all stability during locomotion.The leg geometry was
refined through a series of experimental trials to
achieve stable and consistent forward walking per-
formance. Since the leg dimensions influence body
elevation, stability, and actuation load, different pro-
totypes were tested to identify a functional range.
Legs shorter than the link height were insufficient to
lift the body and resulted in loss of balance, whereas
longer legs caused the robot to tip during locomotion.
Increasing the legmass beyond the tested range added
load to the motor, reducing its ability to maintain
smooth forward motion. These observations guided
the selection of a leg length slightly greater than the
body link height, which provided sufficient body elev-
ation and stability during walking without increasing
the actuation effort.

Figure 9 presents the motion of the robot actu-
ated with Helix 2 at 0.75Hz for two configura-
tions: figure 9(a) with legs and figure 9(b) without
legs attached. The robot with legs was operated for
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approximately 24 s, and the robot without legs was
operated for 27 s.

If the robot does not have legs attached, when the
undulation of the body causes some rotation around
the roll axis, the center of mass shifts outside the
contact points where the links touch the ground and
the robot cannot maintain balance. However, if the
robot has legs, the support polygon formed by these
new contact points with the ground is wider and
the center of mass remains above the support poly-
gon so the robot can maintain its upright orienta-
tion. This shows that passive legs are sufficient to pre-
vent the robot from rolling over as the helix creates
large-amplitude waves down the body (supplement-
ary video S2). Through experimentation, we tested
various leg positions along the body links and iden-
tified a placement at the sixth link from the motor
housing where the robot consistently exhibited for-
wardmotion rather than lateralmotion. The legswere
designed as simple rigid structures inspired by the
pectoral fins while maintaining robustness and ease
of fabrication. Their lengths were set slightly longer
than that of the body links so that the body could be
lifted during locomotion, and the height was determ-
ined experimentally by testing several prototypes
to identify a configuration that produced reliable
forward motion.

4. Experimental setup and results

To evaluate the locomotion performance of the
SAWRF, we conducted a series of experiments to
measure the robot’s speed and analyze the kinemat-
ics of its body to compare its movement patterns
with those of P. senegalus. We recorded videos of the
robot’s motion with different helices to assess how the
undulatory motion driven by the helix influences for-
ward speed, lateral oscillations, and body curvature
(supplementary videos S3–S6).

We then compared the experimental results from
the robotic fish to locomotion data from P. seneg-
alus to evaluate the similarities of locomotion gener-
ated by the various helices. This analysis helps assess
how closely the robotic movement aligns with bio-
logical locomotion and offers insights for optimiz-
ing helix parameters to improve robotic mobility in
future designs.

4.1. Experimental setup
We evaluated the locomotion performance of the
robotic fish by operating it on a flat wooden board.
The robot was tethered to an external DC power sup-
ply that provided an adjustable input voltage to the
motor. We recorded the motion of the robot via a
fixed overhead 12-megapixel camera.

4.2. Experimental results
To evaluate how helix morphology influences loco-
motion, we analyzed the gait patterns of the SAWRF

using the four different helix designs shown in
figure 8(b). Figure 10 shows timeseries images and
overlaid midlines of P. senegalus and the robot with
each of the four helices. Figure 10(a) presents images
of five representativemidlines of the fish, correspond-
ing to time points of 0.00, 0.31, 0.48, 0.66, and 0.83
of the gait cycle. These extracted midlines form the
basis of the helices’ geometries. Figures 10(b)–(e)
illustrate the gaits of the robotic fish equipped with
each of the four helices. For each case, the robot’s
body posture is captured at gait fractions of 0.00,
0.20, 0.40, 0.60, and 0.80. The representative frames
of the fish and the robot were selected from each cycle
to capture characteristic postural transitions, such as
mid-bend, full extension, and body undulation. This
approach allows for ameaningful qualitative compar-
ison of typical body deformations despite differences
in temporal alignment. These experiments were con-
ducted with the robot actuated at a motor input fre-
quency of 1Hz. Themidlines of the robotwere extrac-
ted from video data using a YOLOv11-based detec-
tion and segmentation model [47] and a skeleton-
ization algorithm similar to the method described in
section 2.2.

Five representative midlines of P. senegalus
(labeled A-E) were extracted at evenly spaced inter-
vals over a complete gait cycle to capture the range
of postures exhibited by the fish. From these, four
midlines displaying distinct bending patterns were
selected to inform the helix designs. Helix 1 was
derived from Midline A, reflecting generally lower
curvature throughout the body; Helix 2 was based
on Midline B, which features high curvature in the
middle of the body;Helix 3was inspired byMidlineC,
characterized by a symmetric body shape;Helix 4 cor-
responded toMidline E, showing high curvature near
the tail.

Figure 11 presents experimental results evaluating
the locomotion performance of the robotic fish under
four distinct helix designs (Helix 1–4) across motor
input frequencies of 0.617Hz, 0.75Hz, 0.9Hz, and
1.083Hz. The tested frequencies (0.617Hz, 0.75Hz,
0.9Hz, and 1.083Hz) were generated by evenly
spaced applied voltages within the operating range
of the motor to examine the effect of actuation rate
on locomotion performance. These frequencies are
lower than those observed in P. senegalus due to
mechanical constraints of the motor and link design,
but in both the robot and the fish, forward velo-
city increased with actuation frequency, showing a
comparable kinematic trend despite the difference in
absolute values.

Figure 11(a) shows the forward velocity of the
robot expressed in BLs per second (BL s−1), where the
robot’s BL is 17.5 cm. Helix 4 achieves the highest for-
ward speeds across all testedmotor frequencies. Helix
2 and Helix 3 exhibit intermediate velocities, whereas
Helix 1 consistently reaches lower speeds, showing
minimal sensitivity to increasing motor frequency.
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Figure 10. Time series comparison between P. senegalus and the robotic platform. Four distinct fish midlines (A), (B), (C), (D)
inspired the designs of four helices (1-4). (a) Four midlines extracted from one gait cycle of P. senegalus used as the reference for
the robot’s helix designs. (b)–(e) Corresponding gait sequences of the robot using four different helix configurations: (b) Helix 1,
(c) Helix 2, (d) Helix 3, and (e) Helix 4. For each helix design, the midlines of the robot were extracted at five time-normalized
gait phases (0.00, 0.20, 0.40, 0.60, 0.80).

The trajectory of the head position of P. seneg-
alus during terrestrial locomotion within the exper-
imental tank is illustrated in figure 11(b). The fish
displays significant lateral displacement, indicating a
naturally oscillatory gait pattern rather than purely
straight motion.

Figure 11(c) shows the head trajectories of the
robot actuated at 1Hz for 10 s with each helix design.
Each helix configuration produces a distinct lat-
eral displacement pattern characterized by varying
degrees of side-to-side oscillation. Here, µ denotes
the mean lateral displacement in y, the direction
orthogonal to the intended direction of walking,
and σ denotes the standard deviation of the lat-
eral displacement. Helix 2 shows the smallest lat-
eral deviation (µ= 0.0585, σ= 0.0373), reflecting
relatively stable forward motion with minimal lat-
eral displacement. In contrast, Helix 1 exhibits the

largest lateral displacement (µ= 0.1074, σ= 0.0700),
closely mirroring the pronounced side-to-side oscil-
lations observed in the fish trajectory. Similarly,
Helix 3 demonstrates significant lateral displacement
(µ= 0.1053, σ= 0.0599), while Helix 4 shows inter-
mediate values (µ= 0.0778, σ= 0.0416), indicating
moderate lateral oscillation combinedwith stable for-
ward progression. The variations in speed and lateral
displacement shown here highlight how changes in
helix geometry significantly influence the robot’s sta-
bility, directional control, and locomotion efficiency.

5. Comparison of body kinematics
between P. senegalus and the SAWRF

In this work, we have simplified the dynamic mid-
line kinematics of P. senegalus to implement on a
robot with a single degree of freedom that defines its
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Figure 11. Speed and trajectory of the robot with the four helices compared with the trajectory of P. senegalus. (a) Average for-
ward velocity of the robot with the four helix designs at varying motor frequencies. (b) Trajectory of the head position of P. seneg-
alus during terrestrial locomotion on gravel substrate. (c) Trajectories of the robot head position showing lateral displacement
across four different helix designs on a wooden plate. µ denotes the average y position of the robot (orthogonal to the intended
direction of walking) and σ denotes the standard deviation of the y position.

body kinematics. The rotating helix creates a travel-
ing wave down the body of the robot, but unlike the
real fish, the properties of this wave are not time-
varying. To assess the effectiveness of this simplified
robotic model in mimicking the kinematics of the
fish, we compared the midline of the robot with dif-
ferent helices to the midline of the fish at different
timesteps throughout its gait.

5.1. Comparing kinematics based onmidline
similarity
We extracted five representative fish midlines
(Midline A–E) from distinct timesteps within a com-
plete gait cycle (figure 10(a)). We also extracted five
midlines at evenly spaced timesteps from trials of the

robot with each of the four helices (figures 10(b)–
(e)), enabling a direct frame-by-frame comparison
with the fish midlines. Figure 12 shows an example
of this comparison, presenting an overlay of Fish
Midline B (gait phase 0.66) with the midlines of the
robot actuated using each of the four helix designs,
captured at gait cycle phase 0.60. This visual over-
lay highlights differences in curvature between the
biological and robotic midlines, which are quantified
using RMSE (Root Mean Square Error) in figure 13.

To normalize themidlines of the fish and robot on
the same scale for comparison, we first rotated both,
aligning their long axes, and translated them so that
both of their tail endpoints coincided in pixel space.
The longitudinal axis of the fish midline was defined
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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 −µ)/σ, where µ is the mean of
all points on the midline and σ 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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comparison offers insights into which aspects of the
biological system contribute to more efficient loco-
motion and identifies areas where robotic imple-
mentation could be improved.

6. Discussion and conclusions

This study introduced a novel single-actuator wave-
like continuum robot inspired by the terrestrial walk-
ing motion of P. senegalus. The robot consisted of a
single motor and a rotating helix that actuates fif-
teen body elements, including a pair of appendages
inspired by the fish’s pectoral fins. The rotating helix,
designed based on observations of the real fish’s mid-
lines, created a wave down the robot’s body mim-
icking the spinal articulation of the fish. This work
demonstrates that a minimalistic, single-actuator
robotic fish can produce forward locomotion via
simple axial undulation and additional ground con-
tact with a pair of appendages. The constant sinus-
oidal wave generated by the rotation of the helix is
simpler than the undulation observed in P. senegalus,
suggesting that, within the context of smooth, flat
ground locomotion tested in this study, closely rep-
licating the fish’s kinematics is not required to achieve
effectivemovement. Nonetheless, other aspects of fish
motion, such as body lifting, may become import-
ant on uneven or wet terrain or for improving energy
efficiency.

A keymethodological contribution of this study is
the direct integration of biological data withmechan-
ical design. Midline tracking of P. senegalus provided
critical insights into body curvature and spatiotem-
poral dynamics, which were used to inform the para-
meterization of the helix geometry. We found that
because the midline of P. senegalus is highly dynamic,
no single constant sinusoid applied to the robot’s
body can closely match the undulation of the fish.
Furthermore, the flexibility of the fish’s body enables
it to generate large curvatures not possible to gener-
ate in a robot with fifteen rigid links. In this work,
mechanical constraints such as the fixed BL of the
robot and the maximum achievable amplitude of the
projected curve prevented us from generating helices
closely matching certain postures of the fish. These
limitations illustrate the classic tradeoff in bioin-
spired robotics of balancing adherence to specific fea-
tures of the biological inspiration with the limits of a
simple explainable model. However, our data-driven
approach that converts observations of the biological
organism to a simple robotic model demonstrates
how a data-driven pipeline can be used to inform the
design of a robot in cases where design intuition is not
yet developed.

Our experimental results indicate that the
parameters defining the body undulation have a
significant impact on the locomotion of the robot.
Helix 4, which creates more bending at the head

of the robot than the tail of the robot, consistently
demonstrated the highest forward velocity across
tested input frequencies. However, this speed advant-
age came at the cost of greater lateral oscillation
and less consistent directional stability. In contrast,
Helix 3, the only helix that formed more than one
complete wavelength along the body of the robot,
achieved lower speeds than Helix 4 but produced the
lowest side-to-side displacement of all the helices,
which might be better suited for tasks requiring dir-
ectional accuracy.

Among the four helix designs, Helix 3 produced
the most consistent movement and exhibited the
least lateral displacement in the robot’s trajectory.
However, this configuration was also the least repres-
entative of the fish’s actual midline postures. In con-
trast, the midlines corresponding to Helices 1, 2, and
4 incorporated greater curvature and resulted in lar-
ger lateral displacements, more closely matching the
body kinematics observed in P. senegalus.

The incorporation of simple paired appendages
played a pivotal role in enhancing locomotion sta-
bility. While P. senegalus can twist its body to keep
its center of mass over its body and pectoral fins,
this one degree of freedom robot cannot bend out
of plane to keep its balance during walking. The
robot’s appendages prevented it from rolling bymain-
taining ground contact throughout the gait cycle
and widening the area of its support polygon. This
passive mechanical solution contributed to upright
body posture without introducing additional actu-
ation complexity, demonstrating a practical com-
promise between functionality and simplicity. The
use of a constant-shape helix to generate wave
propagation offered both advantages and limitations.
It allowed for precise and repeatable control using
a single actuator, significantly reducing mechanical
and computational overhead. However, the robot
lacked the ability to change its body shape dynamic-
ally throughout the gait. As such, although our helix-
based designs approximate certain kinematic features
of the fish, they remain constrained by their fixed
geometry.

The comparison between the midline of the fish
and the midline of the robot during walking indic-
ated that a single undulation pattern is not sufficient
to replicate the motion of the fish. The exact rela-
tionship between kinematics and ground interaction
is complex; when there is a different amplitude of
oscillation between the anterior and of the body, it
can change how different sections of the body con-
tact the surface, which influences stability, traction,
and directional control. Furthermore, the bioinspired
rather than biomimetic nature of the robot resulted
in simplifications that affect the interaction between
the robot and the ground. Usingmaterials with differ-
ent frictional coefficients from the fish, constraining
motion only in the plane parallel to the surface, and
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not producing time-varying gaits all affect the ground
reaction forces generated.

Several other directions remain for advancing
the capabilities of helix-driven continuum robots.
One important direction is the incorporation of
soft or compliant elements into the body structure,
which could more accurately replicate the flexib-
ility of real fish and enable smoother transitions
between curvature states. Another is the development
of dynamically adaptable helix geometries, either
through variable pitch mechanisms or smart materi-
als, to improve locomotion efficiency by allowing the
robot to modulate its gait in response to environ-
mental conditions. Future experiments should also
examine the influence of robot-ground interactions
on gait stability and propulsion. Finally, integrating
proprioceptive sensing or closed-loop control could
allow the robot to self-correct for instability and adapt
its motion in real time, achieving a level of adaptabil-
ity closer to that observed in biological organisms.

The robot-twin approach enables a bidirec-
tional pipeline in which biological observations
inform robotic design, while robotic experiment-
ation generates new hypotheses about the bio-
mechanics of the animal. By iteratively refining
the robot based on fish biological data and ana-
lyzing the robot’s performance, such as forward
velocity, lateral displacement, midline kinematics,
and effects of passive appendages we are poised to
gain deeper insight into which aspects of the loco-
motion of P. senegalus and other walking fishes
are functionally significant for propulsion and
stability.
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