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Brittle stars move with remarkable whole-body coordination despite lacking
a central brain. With five identical arms radiating from a central disc, they
predominantly adopt a bilaterally symmetrical rowing gait: one arm leads,
two neighbouring arms row in synchrony and the remaining arms trail.
This raises a puzzle: how does a brainless nervous system generate coher-
ent whole-body gaits, and why does it favour rowing? To address this, this
work introduces an in silico framework combining (i) a three-dimensional
model of brittle star morphology in a physics simulator, (ii) an artificial
neural network (ANN) architecture that mirrors the decentralized arm-level
ganglia, which interconnect through the nerve ring and (iii) reinforcement
learning (RL) to optimize controllers for locomotion. Analysis of optimized
controllers shows that ganglia behave as distributed oscillators whose cou-
pling via the nerve ring yields synchronization, analogous to that of central
pattern generators (CPGs). Gait analysis reveals that rowing emerges as the
strategy most compatible with the arms’ dual role as effectors and sensors.
Taken together, these results provide a mechanistic view of how decentral-
ized neural dynamics and sensory constraints shape brittle star locomotion.
The presented framework offers an open-ended test bed for hypotheses in-
accessible in vivo, and more broadly, for exploring decentralized control in
embodied agents. We provide a link to our project web page and interactive
results dashboard: https:/ /airo.ugent.be/projects /brittle-star.

1. Introduction

Brittle stars (Ophiuroidea) are echinoderms with typically five arms that radiate
from a circular body. Each arm is composed of serial ossicles (‘arm vertebrae”)
actuated by intrinsic muscles [1]. Unlike sea stars (Asteroidea), which rely on
tube feet, brittle stars achieve locomotion through coordinated arm strokes that
give rise to two principal gaits. In the predominant rowing gait, one arm leads
and points forward, its two neighbours row in synchrony to generate thrust
and the remaining two arms trail passively (figure 1A). In reverse rowing, which
is less commonly observed, a trailing central arm points backward while the
four others row in unison [2,3]. Despite their radial body plan, brittle stars thus
express bilaterally symmetrical gaits. They are among the fastest-moving echin-
oderms and reorient their movement direction rapidly by switching arm roles
rather than rotating the disc [2]. This ability to flexibly reassign roles simulta-
neously confers remarkable damage robustness, allowing effective locomotion
to persist even after the loss of one or more arms [4].
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Figure 1. Overview of brittle star locomotion and modelling framework. (A) Biological organization: snapshots of in vivo brittle star rowing (Ophiolepis superba), with
movement direction and arm roles annotated: a leading arm aligned with movement direction, two synchronous rowers and passively dragged arms. Each arm is in-
nervated by a radial nerve and basal ganglion connected through the circumoral nerve ring. (B) Simulation environment: a parametrized morphology with distributed
sensing and actuation is embedded in an aquarium-like arena featuring a light-escape task and optional aversive spots to evade. (C) Bio-inspired decentralized controller:
each arm is governed by an identical recurrent neural network, coupled through neighbour-to-neighbour communication around the nerve ring. The network is opti-
mized with reinforcement learning (RL) to reduce light intake, minimize energy use and avoid aversive spots when present. (D) Emergent rowing gait: optimization yields
bio-realistic kinematics with natural role division.
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Remarkably, this complex coordination arises without a central brain [5]. Instead, brittle stars possess a circumoral nerve ring
that interconnects regional ganglia (i.e. neuronal clusters) at the bases of the arms, from which radial nerve cords innervate each
limb (figure 1A) [6,7]. Information flow along the ring is bidirectional [8] and direct connections are confined to neighbouring
ganglia [9].

This organization raises a fundamental open question: how can a nervous system without a central brain generate coherent,
whole-body gaits? Experimental studies have shown that local ganglia are indispensable for intra-arm coordination, as arms
deprived of their basal ganglion fail to generate rhythmic motion [6,10]. Moreover, the connections between these ganglia are
essential for inter-arm coordination, as locomotor synchrony weakens when the nerve ring is disrupted [8]. Together, these findings
point to a distributed control architecture [2], yet the neural principles by which decentralized ganglia generate rhythmic motion
and synchronize into a global periodicity remain unresolved. In other animals, rhythmic locomotion often emerges from central
pattern generators (CPGs)—neural circuits that produce sustained oscillations even in the absence of rhythmic input [11-14].
While no direct evidence for CPGs has been shown in brittle stars, their coordinated, brainless locomotion suggests an analogous
principle: local ganglia may function as distributed oscillatory units whose coupling through the nerve ring yields coherent,
whole-body gaits.

Beyond the question of how coordination arises, an equally unresolved question is why it converges on rowing as the predomi-
nant gait. A possible explanation lies in the fact that the same arms used for propulsion also function as the primary sensory organs.
The brittle star’s main sensory modalities are distributed throughout the arms: proprioceptors in the hyponeural system report
posture and loading, while mechanoreceptors, photoreceptors and chemosensory cells detect touch, light and dissolved chemi-
cal cues [7,15,16]. The need to simultaneously move and sense with the same appendages constrains viable locomotor strategies:
arms must maintain a reliable perception of the surroundings while generating movement. In rowing, the leading arm plays a
distinctive role by orienting forward and seemingly probing the environment, effectively guiding locomotion while the adjacent
arms generate thrust. Notably, these rowing arms also reach forward before the power stroke, suggesting that they may contribute
to environmental sensing in addition to propulsion. Rowing may therefore represent a stable compromise between sensory en-
gagement and locomotor efficiency, possibly at the cost of raw energetic efficiency. This interpretation resonates with embodied
cognition theory [17,18], which emphasizes that behaviour arises from the continuous interplay between the body’s sensorimotor
system and its environment. In other words, the body shapes the behaviour.

Addressing either of these questions in vivo is inherently challenging. The circumoral nerve ring is protected by ossicles, lim-
iting experimental access to the neural dynamics needed to reveal how distributed oscillatory activity arises and synchronizes.
Moreover, gait selection cannot be tested under controlled and repeatable sensory conditions. This makes it unfeasible to directly
compare locomotion in environments that provide reliable sensory information with those that require more active probing and
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cautious exploration. Taken together, these constraints prevent a clear in vivo disentanglement of both the neural mechanisms n
underlying gait emergence and the role of sensory dependency' in gait selection. Following recent work that leverages robotic and
computational models to study animal behaviour [19-22], we therefore turn to in silico physics-based models as a tractable means
to bridge these gaps.

Previous mathematical and robotic models of brittle star locomotion have already provided important insights into how co-
ordinated movement can arise in a radially symmetric, brainless system. These studies (i) demonstrated how decentralized co-
ordination rules, modulated by ground reaction forces, can reproduce characteristic gaits [4,10], (ii) explained role assignment
among arms [23-25] and (iii) accounted for the remarkable resilience of locomotion under arm loss or neural lesions [4,24]. How-
ever, across these approaches, coordination rules, gait kinematics and movement-direction decision mechanisms are specified a
priori. As a result, ganglion activity is not modelled as an adaptive dynamical process shaped by sensory—motor interaction, but
is instead fixed by hand-crafted rules or abstract analogical models. Moreover, although sensory signals have been used to influ-
ence coordination within these frameworks, gait kinematics cannot be freely shaped in response to systematically varied sensory
conditions. While these models are well suited to reproducing observed behaviours, they are therefore neither appropriate for
testing our hypotheses concerning the internal dynamics of ganglion activity nor for explaining how gaits are shaped by sensory
dependency.

To address this gap, we developed an integrative in silico framework (figure 1) combining (i) a parametrized three-dimensional
model of the brittle star morphology in a physics simulator, (ii) a decentralized artificial neural network (ANN) architecture that
couples sensing and actuation in a manner faithful to nerve-ring and radial-nerve connectivity and (iii) reinforcement learning (RL)
to optimize controllers for locomotion in an ecologically relevant context. In essence, this framework provides a computational
test bed in which controllers can be optimized under systematically varied environmental conditions. The optimized controller
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networks can then be analysed to uncover the neural dynamics underlying the emergent gaits, while the gaits themselves reveal
how environmental conditions shape locomotion. Crucially, no gait-specific constraints or reward terms are introduced during
optimization, ensuring that the resulting neural dynamics and gaits emerge naturally from the interaction between the biologically
grounded morphology, controller and environment. This constitutes a methodological departure from earlier approaches, which
were explicitly designed coordination rules to reproduce observed kinematics.

To test the hypothesis that the dual role of arms as effectors and sensors biases locomotion towards rowing, controllers are
optimized under two scenarios differing in sensory demands (figure 1B). In the first, the controller escapes a radial light gradient
while minimizing energy expenditure, mimicking the animal’s natural tendency to move towards darker regions [6,26]. The second
extends this task with randomly placed aversive spots that must be detected and avoided, placing greater emphasis on each
arm’s role as a sensory appendage. Comparing the gaits that emerge across these two conditions directly reveals how sensory
dependency constrains viable locomotor strategies.

Using this framework, we show that bio-realistic rowing gaits can emerge spontaneously, without imposing gait-specific rules.
Analysis of the underlying neural dynamics reveals that ganglia develop self-sustaining local oscillations, and that global coordi-
nation arises through synchronization across the nerve ring. This supports the view that brittle star locomotion is underpinned by
decentralized oscillator networks, operating similarly to the CPGs observed in other animals. Moreover, the comparison between
gaits optimized under the two distinct environmental conditions shows that when sensory demands are heightened, the resulting
gaits become more structured, stable and more often resemble the characteristics of natural rowing. This substantiates the hypoth-
esis that rowing is the strategy most compatible with the arms’ dual role as effectors and sensors. Together, our findings shed light
on how decentralized neural dynamics and sensory constraints shape brittle star locomotion. Beyond the present findings, the
framework serves as an open-ended test bed for hypotheses inaccessible in vivo and, more broadly, for exploring decentralized
control in embodied agents.

2. Methods

2.1. Insilico brittle star model and environment

We implemented the model in the Multi-Joint dynamics with Contact (MuJoCo) physics simulator [27], which efficiently models
articulated, contact-rich systems and is increasingly used in biomechanics [22,28-30]. This makes it particularly suitable for brittle
stars, whose locomotion emerges from repeated arm-substrate interactions mediated by flexible, multi-joint appendages.

2.1.1. Morphology

We model the brittle star as a central disc from which five articulated arms extend as chains of serial segments (figure 1D). The disc
has a pentagonal shape, while the arm segments are represented as capsules that taper progressively from proximal to distal. Each
segment possesses two primary degrees of freedom—one in-plane and one out-of-plane—allowing lateral and vertical bending
consistent with observed brittle star kinematics. The model is fully parametrized (disc size, number of arms, number and sizes of
segments and joint properties), but for the experiments presented here, we fix the morphology to five arms with six segments each.
This configuration yields a total of 60 controllable degrees of freedom. Densities of structural elements are set based on biological

1We define sensory dependency as the reliance on acquiring and processing sensory input in order to generate appropriate behaviour.
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Table 1. Key morphological and controller parameters. Morphological values are reported per arm, with totals across all five arms in parentheses. ANN dimensions refer n
to the hidden size of each module; full architectural details are provided in the supplementary material.

morphology: values per arm (total)
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measurements, resulting in arms that are more dense than the central disc, consistent with reports that arm skeletons are heavier
than the body core [31]. Each joint is actuated by a torque motor whose strength scales with the radius of the corresponding
segment, approximating the assumption that larger segments support stronger muscles.

The model integrates a suite of proprioceptive and exteroceptive sensors. Proprioception includes joint positions, joint veloci-
ties and actuator torques, providing information about posture and effort. Exteroception includes contact forces with the substrate,
light-intensity input from the arena light gradient and aversive-spot contacts when present. All sensory observations are provided
at the level of individual segments, thereby mimicking the distributed sensing of real brittle stars. This segment-level design en-
sures that no global sensory state is imposed; instead, it emerges from the aggregation of locally available information. A summary
of key morphological parameters is listed in table 1.

Several abstractions ensure computational tractability while preserving the essential mechanical properties needed for realistic
locomotion. We do not model individual ossicles, plates or spines, but instead represent the arm as a continuous tapered chain of
capsules. The number of skeletal elements is reduced relative to the situation in real brittle stars, and arm flexibility is configured
in an ad hoc but biologically representative manner. Self-collision between arms is disabled to simplify contact dynamics, and
muscles are represented by torque actuators rather than explicit contractile elements.

Arm length is shorter than in vivo: in our model, the ratio of arm length to disc diameter is approximately 1.7, whereas in Ophi-
olepis superba—the species typically used as a reference in locomotion studies—arms are reported to be 2—4 times the disc diameter.
Nevertheless, behavioural studies by Kano et al. [4] showed that trimmed arms behave similarly to intact ones during locomo-
tion, indicating that the reduced relative arm length used here remains biologically representative. Increasing arm length would
extend the spatial range over which each arm samples the environment, effectively enlarging the perceptual field available to the
model. This perceptual field, however, remains determined by how the arms move. The fundamental coupling between sensing
and propulsion therefore persists irrespective of absolute arm length. Consequently, although longer arms with greater sensory
range may shift the threshold at which environmental differences translate into distinct gaits, they are unlikely to qualitatively
alter our conclusions. The fundamental gait patterns that emerge with the current set-up would probably persist, though specific
kinematics, such as arm curvature and stroke shape, may differ, consistent with kinematic variation observed across species with
different arm lengths [3].

2.1.2. Bio-inspired environment and light-escape task

The brittle star is placed in a simplified aquarium environment consisting of a flat ground plane. To approximate the effect of water,
we employ MuJoCo’s inertial fluid model, which applies drag forces proportional to body velocity relative to the medium, along
with an added-mass term accounting for displaced fluid inertia. While this approximation neglects complex flow interactions, it
captures the dominant resistive forces relevant at the scale of brittle star movement.

To drive this behaviour, a radial light gradient is projected on to the arena floor, which converges towards a dark region
positioned opposite to the animal’s initial location (figure 1B). The controller’s task is to move towards this dark region, mim-
icking the natural light-avoidance response observed in brittle stars. Crucially, the gradient is not provided as a global signal:
the model must infer the direction of decreasing illumination solely from the distributed light-intake values sensed by its arm
segments.
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Figure 2. Schematic overview of the bio-inspired neural architecture. Each arm is controlled by an identical recurrent neural network that mirrors the organization of
the brittle star nervous system. Indices denote time (t), arm (a) and segment (s). (A) Sensory inputs from all arm segments are embedded and sequentially integrated by
a radial nerve encoder gated recurrent unit (GRU) scanning from tip to base, producing a compact arm-state representation. (B) The arm’s ganglion (GRU) combines the
arm-state encoding, its own state and the embedded states of the two neighbouring ganglia to compute an updated ganglion state. This interaction reflects the inter-arm
coupling through the circumoral nerve ring. (C) The updated ganglion state initializes a radial nerve decoder that sequentially scans from base to tip to generate control
commands for each arm segment’s actuators.

To manipulate sensory challenge, a configurable number of aversive spots are projected on to the arena (figure 1B). These
spots are randomly repositioned and resized at each environment instantiation, with the constraint that none overlap the animal’s
starting location. The brittle star perceives an aversive spot only when one of its arm segments overlaps with it, at which point
the corresponding aversive-spot sensor activates. This set-up requires the controller to integrate multiple sensory streams—light
avoidance and aversive avoidance—to achieve successful locomotion.

Here again, several abstractions ensure computational efficiency. The ground plane is modelled as a rigid frictional surface
without obstacles, avoiding costly collision checks. Sand-like mechanics are not included, and advanced fluid phenomena such
as turbulence, vortices and currents are omitted, leaving only the inertial drag approximation. These design choices accelerate
simulation while preserving the essential environmental constraints needed to study sensory-driven locomotion.

2.1.3. Bio-inspired decentralized artificial neural network controller

We design a decentralized ANN controller that mirrors the organization of the brittle star nervous system. Each arm is governed by
anidentical copy of the same network, ensuring parameter sharing across arms while preserving decentralization. Communication
between arms occurs exclusively through their connections in the circumoral nerve ring, which constrains information flow to
biologically realistic pathways. Figure 2 provides a schematic overview of the architecture and inference flow. Within a single
control cycle, the inference process that maps sensory inputs to motor commands proceeds in three sequential stages: (i) segment-
level sensory signals are embedded and spatially integrated along the arm by the radial nerve encoder, (ii) temporal integration
and inter-arm communication occur at the ganglion level through the nerve ring and (iii) motor commands are generated by the
radial nerve decoder. Below, we go over each stage in more detail.

At the beginning of a control cycle, sensory signals from all arm segments are independently transformed into compact feature
representations (‘embeddings’) that summarize the local sensory state. This transformation is performed by a small multilayer
perceptron (MLP). An MLP is a simple feed-forward neural network that maps inputs to outputs through successive layers of
nonlinear processing. In essence, the MLP acts as a local processing unit, distilling raw sensory signals into concise numerical
descriptors that are easier to integrate downstream. These embedded segment representations are then processed by a radial nerve
encoder, implemented as a gated recurrent unit (GRU). Whereas the MLP captures instantaneous, local relationships, the GRU is
an extended neural circuit that can store and update information across a sequence of inputs. Here, it scans spatially along the
arm—from the distal tip towards the base—integrating information from each segment in sequence. This makes it analogous to a
biological pathway that progressively combines sensory signals along the arm. The result is a compact representation of the arm’s
overall state at its base.

This arm-level state is then passed to the circumoral ganglion, modelled as a second GRU. Unlike the GRU in the radial nerve—
which integrates sensory information spatially along an arm—this recurrent unit operates over time. At each time step, each
ganglion receives its own arm'’s state along with the embedded internal states of its two neighbouring ganglia. This mimics the
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bidirectional information flow around the nerve ring. The GRU’s internal state functions as a form of short-term memory: a contin- n
uously updated signal that compresses the recent history of inputs into a low-dimensional representation. Through this recurrent
process, each ganglion gradually aggregates information from its own arm and its neighbours across time. This enables the sys-
tem to build a temporally integrated, whole-body representation that supports coordinated motion. Importantly, these internal
ganglion states can be recorded and analysed over time, providing direct access to the network’s underlying neural dynamics and
offering insights into how coordinated gaits emerge.

Finally, the updated ganglion state initializes the radial nerve decoder, a third GRU that propagates information back down
the arm. At each segment, this spatial decoder combines its internal state with the local sensory embedding to generate torque
commands for the actuators. Together, these modules create a bidirectional hierarchy—from segment-level sensing to arm-level
integration to whole-body coordination—that mirrors the flow of information in the brittle star’s nervous system. Table 1 lists
the chosen layer dimensions for each module. Further architectural details, including activation functions and layer initialization
schemes, are provided in the supplementary material.

Several architectural choices explicitly reflect biological observations. Cobb & Stubbs [9] report that axons in the circumoral
nerve ring do not extend beyond adjacent radial nerves, implying that ganglia exchange information only with immediate neigh-
bours. Moreover, coordinated locomotion persists even after the ring is cut once [8], suggesting that these connections must be
bidirectional. We therefore restrict message passing to adjacent, bidirectional communication. In principle, multiple message-
passing iterations could be performed within the nerve ring during one control cycle. However, neurophysiological measure-
ments indicate nerve conduction velocities of approximately 38-139 cm s [32]. Given a nerve ring length of 3-6 cm, a signal
requires approximately 20-160 ms to complete a full loop. Since our control frequency is 50 Hz (20 ms per step), we limit the
architecture to one neighbour-to-neighbour transmission per time step. Thereby, the rate of information propagation in the model
matches the time scale of observed conduction delays in real brittle stars. This, however, neither implies a full neurophysiological
calibration of neural conduction velocities nor necessarily reflects a quantitatively realistic ratio between local sensory processing
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and inter-ganglion communication. In our implementation, both processes occur within the same control step, resulting in an
effective one-to-one mapping between arm-level sensory integration and inter-ganglion exchange. This simplification abstracts
away potential temporal asymmetries in biological processing but enforces a conservative upper bound on information propa-
gation. In this sense, biological plausibility is enforced at the structural level: the model constrains information flow to match
the neural topology and time scales observed in vivo, thereby avoiding unrealistically fast global inter-arm synchronization while
maintaining the decentralized layout.

Through this architecture, each arm both senses and acts locally, while global coordination can arise from recurrent, distributed
message passing along the circumoral nerve ring. This decentralized design provides a biologically grounded substrate for testing
how whole-body locomotion patterns, such as rowing, can emerge from local sensing and neural interactions. Conceptually, the
architecture is also capable of implementing CPG-like dynamics: as a recurrent network with local feedback, it can in principle
converge to oscillatory attractors. Crucially, such dynamics are not hard-coded, and their emergence depends on the optimiza-
tion process and the demands of the task. This openness ensures that we do not bias the controller towards our hypothesized
mechanism of CPG-like dynamics. Instead, coordination is allowed to emerge freely from the interaction of morphology, sensory
constraints and decentralized neural dynamics.

2.2. Reinforcement learning

RL is used here as a general-purpose framework for optimizing control policies in our physics-based simulation environment
(figure 3 provides an intuitive overview). In this setting, the controller iteratively interacts with its environment by sensing, act-
ing and receiving scalar feedback that evaluates locomotion performance. This feedback is then used to progressively adjust the
parameters of the ANN control policy. This allows effective strategies to be identified through repeated interaction rather than
explicit supervision. RL is particularly well-suited to our problem, where locomotion must emerge from decentralized sensing
and actuation without predefined movement patterns or hand-crafted coordination rules.

Importantly, RL is not employed as a model of biological learning in brittle stars, but as an open-ended optimization method
to explore control strategies that arise under specified sensory and environmental constraints. In this respect, RL fulfills a role
comparable to other black-box optimization approaches, such as evolutionary algorithms, which could be equally applied without
changing the biological interpretation of the results. Specifically, we employed a recurrent implementation of proximal policy
optimization algorithm (further methodological details are in the supplementary material) [33].

2.2.1. Reward design

In our set-up, the reward function combines three components as a weighted sum: (i) reduction of light intake measured at the
disc, (ii) an energy expenditure penalty and (iii) a penalty when the disc enters an aversive spot. Reward term weights were
empirically tuned based on the preliminary experiments in which we tested to what extent the energy penalty and aversive-spot
penalty weights could be increased while still permitting movement to arise. Specifics regarding the reward term and weight
calculations are available in the supplementary material.

Although sensing occurs at the arm-segment level, both the light-reduction term and the aversive-spot penalty are defined
at the level of the central disc. This design choice serves two purposes. First, it encourages the decentralized neural architecture

Downl oaded from http://royal soci etypublishing.org/rsif/article-pdf/doi/10.1098/rsif.2025.1347/6146228/rsif20251347. pdf
by guest
on 17 June 2026


https://royalsocietypublishing.org/rsif

sensor readings

. . . . joint positions round contacts
1024 simulation environments running in parallel / P £
25 seconds per episode jOint velocities llght intensities
actuator torques aversive-spot
contacts

updates
R

reward learning algorithm bio-inspired

ANN controller

(PPO)

torque commands

Figure 3. Overview of the RL set-up and the underlying environment-controller interactions. A total of 1024 simulation environments run in parallel, each containing a
brittle star controlled by the same bio-inspired ANN. At every control step (50 Hz), the policy receives sensor readings from all environments and output torque commands
to their actuators. Moreover, at every control step, a composite reward is computed based on disc light reduction (encouraging movement away from light), an energy
penalty (discouraging excessive energy expenditure) and an aversive-spot penalty (discouraging contact with noxious zones). The learning algorithm (proximal policy
optimization) updates the shared policy parameters using this reward, progressively improving performance. Each simulation episode lasts 25 s, after which the environ-
ments are reset—randomizing the brittle star’s initial orientation and, in scenario B, the position and size of the aversive spots. Scenario A follows the same set-up but
omits aversive spots from the environment, sensor inputs and reward function.

to produce coordinated whole-body movement. Because reward is assigned based on the disc’s state rather than individual arm
segments, optimization pressure shifts from ‘my arm segment should improve its local condition” to ‘we collectively should im-
prove the global state of the body.” In the case of aversive spots, this means preventing the disc from entering noxious zones; in
the case of light avoidance, it means coordinating propulsion to move the disc towards darker regions. In both cases, the objective
promotes inter-arm coordination rather than purely local reactions. Second, applying the aversive penalty only at the disc level
allows arms to sense their environment freely without becoming overly cautious.

Importantly, this reward design specifies what the controller should achieve—efficient light avoidance and evasion of nox-
ious zones—but not how it should achieve it, thereby allowing locomotor strategies to emerge autonomously through repeated
interaction with the environment. By contrast, adding reward terms that directly encode stability or bilateral symmetry could
have biased the outcome towards specific gaits, such as rowing. Because our objective is to investigate how environmental
and sensory constraints shape locomotion, we deliberately kept the solution space open and avoided any such prescriptive
terms.

3. Results

We conducted 20 independent training runs under two environmental conditions: (A) minimal sensory dependency, in which the
model experienced only a light gradient, and (B) heightened sensory dependency, in which additional aversive spots had to be
avoided while escaping the light. In what follows, we first validate that our framework can produce bio-realistic rowing gaits
without imposing gait-specific reward terms. We then quantify how varying sensory demands influence the resulting locomotor
patterns and, finally, analyse the underlying neural dynamics that give rise to coordinated movement.

3.1. Emergence of bio-realistic rowing

As expected given the high-dimensional search space, the large number of degrees of freedom in the morphology (60 in total) and
the absence of gait-specific reward shaping, the optimization landscape supports diverse locomotor solutions across individual
training runs. Therefore, we first investigate whether rowing—the dominant natural gait of brittle stars—can emerge from our
set-up. In the following analyses, we highlight a representative controller trained under condition B (with aversive spots), which
developed stable rowing behaviour. Because it is impractical to present the full breadth of results within the paper, all trained
controllers, together with their videos and analysis plots, are made accessible through an interactive online dashboard [34]. The
representative rowing controller analysed below can be found under scenario B: run 0.
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Figure 4. Emergence of bio-realistic rowing. (A) Simulation snapshots of a single gait cycle showing the characteristic role division: one arm functions as a forward-
oriented leader, two adjacent arms act as synchronized rowers and the two hind arms trail passively. Red highlights indicate ground-contact segments, demonstrating
that propulsion is generated primarily by mid-arm regions rather than distal tips (note that different segments contact the ground at other phases of the cycle). (B)
Annotation of an arm’s midpoint and the corresponding midpoint angle, defined as the deviation of the arm from its straight, radially extended configuration. (C) Time
series of arm midpoint angles reveal stable, periodic oscillations consistent with a locomotor limit cycle. (D) Close-up of a single gait cycle showing that the two rowing
arms move in coordinated synchrony: although they appear in anti-phase in their local reference frames owing to the opposite orientation of the arms, they move in
unison in the global frame. The other arms remain close to their mean postures, exhibiting little motion. (E) Propulsive impulse traces, quantifying ground reaction forces
of each arm projected on to the movement direction, confirm that the thrust is produced exclusively by the rowers and in a temporally coordinated manner. Together,
these results show that the framework is capable of yielding bio-realistic rowing gaits with natural leader—rower—passive role division, inter-arm synchronization and
mid-arm propulsion, closely matching empirical observations in real brittle stars.

3.1.1. Gait kinematics

To first illustrate which gait the controller intrinsically encodes, we evaluated it in an environment without aversive spots, to avoid
stochasticity and simply observe its preferred mode of locomotion when following the light gradient. Figure 4 depicts the emergent
rowing gait. Simulation snapshots of a single gait cycle reveal the characteristic pattern [2,23]: one arm assumes the role of leader,
orienting in the movement direction, while its two neighbours act as synchronized rowers and the two hind arms are passively
dragged (figure 4A). Ground-contact analysis (red-highlighted segments) shows that propulsion is generated primarily by the
mid-arm segments rather than the distal tips, consistent with empirical observations in real brittle stars [6]. Time series of arm
midpoint angles confirm stable, periodic oscillations, consistent with a locomotor limit cycle (figure 4B-C). Alimit cycle is a closed
trajectory in the system’s state space that the dynamics naturally converge to, meaning the motion repeats in a stable, self-sustained
rhythm. In biological terms, it corresponds to the regular cyclic patterns that underlie walking, swimming or rowing, which persist
even when the system is slightly perturbed. The presence of such a limit cycle is important because it demonstrates that the gait
is not a transient artefact of training but a self-sustained, dynamically stable thythm—a defining feature of biological locomotion
that enables robustness against perturbations. A close-up view of a single gait cycle further highlights that the two rowing arms
oscillate in coordinated synchrony (figure 4D). When expressed in their own local reference frames, the midpoint angles appear
in anti-phase, since the rowers are oriented on opposite sides of the disc. However, in the global frame of movement they move
forward and backward simultaneously, such that both rowers symmetrically reach forward and pull backward at the same time.
The remaining arms display only limited deviations around their mean postures, indicating passive trailing. Correspondingly, the
propulsive impulse traces, which measure the ground reaction force generated by each arm projected on to the global movement
direction (details in the supplementary material), show that only the rowers contribute thrust, and that they do so in a temporally
coordinated manner (figure 4E).

3.1.2. Direction change through role reassignment

Beyond steady forward locomotion, the exemplar controller also displayed bio-realistic turning behaviour (figure 5). When eval-
uated in its original training environment with randomly placed aversive spots, the controller successfully rowed towards the
darker region while avoiding noxious zones. Upon encountering the first spot on its straight path, only a minor correction was
required, and the original leading arm was maintained. However, a subsequent pair of aversive spots necessitated a major change
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Figure 5. Emergence of bio-realistic turning through role reassignment. Evaluation of the exemplar controller in an arena with aversive spots shows how it redirects
locomotion while moving towards the darker region. To facilitate visual tracking of arm roles through the motion, each arm is assigned a distinct colour. (A) The brittle
star begins with a defined leading arm and coordinated rowing pair. (B) Upon encountering a single aversive spot, only a minor correction is needed and the same leading
arm is maintained. (C) A subsequent pair of spots requires a major change in direction. Instead of rotating the body disc, the controller reassigns arm roles: the old leader
becomes one of the synchronized rowers, while a new leader is recruited. This emergent strategy mirrors in vivo observations that brittle stars turn by redefining limb
identities rather than reorienting the entire body. A video of this behaviour is available on the online dashboard under scenario B: run_0[34].

in direction. Rather than rotating the body disc, the controller reoriented by reassigning arm roles: a new arm became the leader,
its two neighbours acted as synchronized rowers and the former leader switched to a trailing role. This emergent strategy mirrors
in vivo observations that brittle stars redefine their forward axis by switching limb identities rather than turning the body [2].

Importantly, the avoidance behaviour in the model arises from a continuous trade-off between light reduction, energy expen-
diture and aversive-spot penalties. Unlike in vivo studies that examine responses to isolated stimuli [23,35], the controller oper-
ates under a persistent directional objective: it must continue progressing towards darker regions while avoiding noxious zones.
Consequently, redirection does not necessarily occur directly opposite the stimulus, as often observed in vivo. In many cases, the
controller instead performs local corrections—either by temporarily recruiting an adjacent arm as leader or by subtly skewing left-
right propulsive forces—to maintain overall progress. In more challenging configurations with multiple aversive spots aligned
along the path, the controller may appear momentarily constrained, reflecting the competing objectives encoded in the reward
function. Thus, the simulated avoidance resembles navigation around non-permissive regions rather than a dedicated escape re-
flex, and should be interpreted within the context of this multi-objective optimization. Videos demonstrating this behaviour are
accessible through the online dashboard.

Together, these results demonstrate that our framework is capable of producing bio-realistic rowing gaits in an emergent manner, i.e.
without embedding gait-specific rules through reward shaping. The simulated gait reproduces the defining hallmarks of natural
rowing, including a leader-rower—passive role division, inter-arm synchronization, propulsion generated primarily by the mid-
arm segments of the rowers and movement direction changes through dynamic role reassignments. These features match with
prior behavioural studies [2,6,23]. Beyond rowing, the optimization also produced a diversity of alternative locomotor strategies,
such as reverse rowing gaits and asymmetric gaits in which left and right arms alternated as rowers, which can be explored in the
online dashboard.” Nevertheless, the critical point is that rowing lies within this space of possible outcomes.

3.2. Sensory dependency shapes behaviour

Having established that our framework can generate realistic rowing gaits, we next investigate how increased sensory dependency
influences the locomotor strategies that emerge. To this end, we compare the 20 optimized controllers from scenario A (light gradi-
ent only) with the 20 from scenario B (light gradient with additional aversive spots). Importantly, all controllers were evaluated in
a light-gradient arena without aversive spots, even if they were trained under condition B. This avoids stochasticity from random
spot placement and allows us to focus the comparison purely on the converged gait strategy embodied by each controller.

We first qualitatively compared the gaits that emerged in each scenario. Clearly identifiable forward rowing gaits were observed
in seven controllers trained under scenario B (visible on the dashboard under runs 0-3, 7, 12 and 16), whereas only a single
instance occurred in scenario A (run 11). By contrast, reverse rowing patterns were more prevalent in scenario A, appearing in six
controllers (runs 0, 3, 4, 8, 12 and 18), but were not observed in scenario B. Overall, rowing behaviour was, therefore, common

2Exemplar reverse rowing and asymmetric gaits can be found under scenario A: run 8 and scenario A: run_5, respectively.
p. g Y & _ _ P! Y-
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Figure 6. Violin plots of gait metrics for controllers trained under minimal (scenario A: light gradient only) and heightened sensory dependency (scenario B: light gradient
with aversive spots). Horizontal bars indicate median values and dashed lines mark the first and third quartiles. Within each metric, both scenario violins share a common
density scale, so that differences in width directly reflect differences in density across scenarios. The exemplar rowing controller analysed in §3.1 is annotated with a
green bar for reference. (A) Direction alignment: cosine similarity between an arm’s midpoint vector and the global movement direction, reflecting leader recruitment.
(B) Propulsion distribution: evenness of propulsive force generation, ranging from zero when a single arm produces all propulsion to one when propulsion is perfectly
distributed across all arms. (C) Disc angular speed: rotational instability of the disc, measured as the average norm of disc angular velocity. (D) Joint variability: mean
standard deviation of all joint angles over time. (E) Cost of transport: actuator torque expenditure per unit displacement. (F) Speed: average disc velocity norm. Metrics
were calculated from a single representative gait cycle per controller and—except for direction alignment—normalized to the maximum across all controllers. These
show that increasing sensory dependency shifts distributions towards the characteristics of biologically realistic rowing, thereby meaningfully constraining the locomotor
solution space. Notably, the annotated exemplar rowing controller consistently follows this shift in each distribution, reinforcing the observed trend.

under heightened sensory dependency (scenario B) but rare in the light-gradient-only condition (scenario A), indicating a clear
shift in the dominant locomotor strategy across the two populations. This qualitative difference suggests that increased sensory
dependency does not merely modulate gait parameters, but biases the system towards specific locomotor regimes. In particular,
heightened sensory dependency appears to favour forward rowing over reverse rowing, providing a potential explanation for
why brittle stars predominantly employ forward rowing.

This population-level shift is further substantiated by the quantitative comparisons presented in figure 6. With the exception
of direction alignment, all reported metrics were normalized to the maximum value observed across all controllers. This normal-
ization emphasizes relative shifts in distributions rather than absolute magnitudes, which is appropriate given that our goal is
to compare how heightened sensory dependency alters gait characteristics rather than to establish absolute values. As manual
inspection confirmed that all controllers converge to a stable cyclic gait, all metrics were calculated from a single representative
gait cycle (see the supplementary material for details on cycle detection).

First, controllers trained in scenario B more consistently established a clearly defined leading arm, as indicated by higher
maximal direction alignment scores (significance p < 0.001 based on a two-sided Mann-Whitney U test; effect size ¥ = 0.71 as a
rank-biserial correlation;® figure 6A). Arm direction alignment quantifies the cosine similarity between each arm’s midpoint vector
(as annotated in figure 4B) and the global movement direction, taking the maximum value across arms. It therefore reflects how
closely the best-aligned arm points in the movement direction. Furthermore, propulsion was dominated by fewer arms in scenario
B, as shown by lower values of the propulsion distribution metric (p < 0.002; r = 0.57; figure 6B). This metric measures how evenly
propulsive forces are generated across the arms, ranging from zero when a single arm produces all thrust to one when propulsion
is equally distributed. Together, these results indicate that heightened sensory demands promote a reliable recruitment of one arm
as a probing leader and sharpen the division of labour among arms. In other words, increased sensory challenge stimulates the
natural role assignment of leader, rowers and passive arms that characterizes brittle star rowing [2].

Second, metrics related to gait stability showed a more complex pattern under heightened sensory dependency. While the
median of the rotational instability measure, which is quantified as the average norm of disc angular velocity, was lower in scenario
B than in scenario A, the reduction did not reach statistical significance (p = 0.15; r = 0.27; figure 6C). However, the shape of the
distribution provides additional insight: under the heightened sensory dependency of scenario B, the measure exhibits bimodality.
This indicates that at least a subset of the controllers converged towards a more stable regime with reduced disc rotations. By
contrast, the distribution of scenario A is unimodal and centred at higher instability values. The bimodality in scenario B arises

3Effect sizes are reported as rank-biserial correlations, where |r| > 0.1, || > 0.3 and |r| > 0.5 indicate small, medium and large effects, respectively [36].
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from the interplay between two coordination regimes. High disc angular speeds result from anti-phase stroking, in which left and m
right rowers alternate rather than stroke in unison. This is a local optimum that both scenarios converge to with similar frequency.
Low disc angular speeds correspond to symmetric, in-phase coordination, which is more energy-efficient and produces more
directionally stable movement. In scenario B, the additional pressure of aversive-spot avoidance favours this symmetric regime,
driving a subset of controllers towards markedly lower disc instability. In addition, the intermediate values present in scenario A,
which reflect partially out-of-phase coordination, are largely eliminated, producing the observed bimodal split.

A similar distributional pattern is observed for the joint variability measure (p = 0.10; r = 0.305; figure 6D), computed as the
average standard deviation of all segment joint angles over time. This captures how consistently the arms maintain their pos-
tures. Here too, scenario B produces a subset of controllers with notably lower variability, while scenario A maintains a unimodal
distribution centred at higher values. The emergence of a more stable subset of gaits in scenario B suggests that increased sen-
sory dependency, although not sufficient to enforce uniform stability, still drives part of the optimization landscape towards more
stable coordination regimes. Because the arms serve as the primary sensory structures, maintaining stability is critical: excessive
fluctuations would add noise to sensory signals, making it harder to reliably detect light gradients or locate noxious stimuli. In this
sense, the observed tendency towards greater stability under heightened sensory dependency can be interpreted as an adaptive
strategy to improve the reliability of sensory input, ensuring that environmental cues are not obscured by self-induced motion.

Finally, locomotion under heightened sensory dependency incurred a higher cost of transport (p < 0.001; r = 0.925; figure 6E)
while producing a slower forward speed (p < 0.001; r = 0.965; figure 6F). The cost of transport was calculated as the sum of all
actuator torques over disc displacement, providing a measure of energy expenditure per unit distance travelled. This reflects that,
under heightened sensory dependency, controllers were stimulated to redirect part of the locomotor effort from straightforward
forward propulsion towards active probing and sensing of the substrate. Such a strategy prioritizes sensory reliability and careful
motion over raw energetic efficiency. We note, however, that the magnitude of the observed trade-off is not intended as a quan-
titative prediction for in vivo brittle stars, where additional biomechanical and ecological adaptations are likely to mitigate the
energetic cost of stable locomotion. Rather, our focus is on the qualitative trend that heightened sensory demands shift control
strategies away from pure propulsion towards more cautious, information-gathering movement.

Taken together, these findings demonstrate that increased sensory dependency constrains the locomotor solution space in a
meaningful way. Rather than producing a wider diversity of gaits, heightened sensory challenge pushes the system towards the
characteristics that resemble natural rowing. Notably, the exemplar rowing controller analysed in §3.1 consistently lies at the
extreme of each distribution in figure 6, in the same direction towards which heightened sensory dependency shifts the set of con-
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trollers as a whole. This supports our central hypothesis that rowing emerges because it represents a locomotor strategy compatible
with the dual role of arms as both effectors and sensors. In this view, embodied sensory constraints actively shape the coordina-
tion patterns, resonating with embodied cognition theory [17]. These results show that gait emergence is not solely a product of
mechanical efficiency, but of the interplay between sensing and actuation. From this perspective, rowing can be interpreted as an
attractor shaped by embodied sensory constraints: a robust compromise between propulsion, stability and reliable perception.
Our model, therefore, suggests that brittle stars converge on rowing not simply because it is efficient, but because it represents
the most viable trade-off in a high-dimensional space of movement and sensing. This has two key implications: (i) it provides a
functional explanation for why rowing is observed so ubiquitously in vivo, and (ii) it highlights that modelling naturalistic gait
emergence requires explicit consideration of sensory demands, not just mechanical constraints.

3.3. Ganglia behave as distributed oscillatory units

A unique advantage of our in silico framework is that it provides direct access to the internal dynamics of the decentralized con-
troller, an aspect that remains experimentally inaccessible in living brittle stars. Analysing these internal dynamics is particularly
valuable because it offers insight into how coordinated gaits are generated: rather than inferring control principles only from
observed motion, we can directly study the patterns of ganglion activity that underlie locomotion. To visualize these dynamics,
we projected the activity patterns of the five ganglia of the exemplar rower described in §3.1 into a two-dimensional space using
UMATO [37]. The activity of each ganglion corresponds to its internal state, denoted as G, in figure 2. UMATO is particularly
well-suited here as a dimensionality reduction technique, as it preserves both local structure (neighbouring states remain proxi-
mal in the embedding) and global structure (the relative arrangement of manifolds is retained). As shown in figure 74, the activity
of each ganglion traces out a closed, recurring loop during a 10 s evaluation. Importantly, trajectories from different arms remain
distinct and do not converge to a single region, confirming that the controller operates in a truly decentralized manner rather than
collapsing on to a shared global state.

The recurrent loops indicate the presence of oscillatory attractors consistent with limit cycle dynamics. A limit cycle is a closed
trajectory in state space towards which the system converges, representing a self-sustained oscillation that is stable against small
perturbations. This suggests that the periodicity of the gait is encoded intrinsically in the ganglion activity, rather than being
imposed externally or arising purely from mechanical resonance. To test this interpretation, we disconnected the controller from
the simulator and supplied it with constant, unchanging sensory input for 5 s, then visualized the final 1 s of ganglion activ-
ity (figure 7B). Even under this constant drive, ganglion trajectories traced closed orbits, demonstrating that oscillatory activity
is self-sustaining and does not depend on rhythmic sensory cues. Importantly, the presence of intrinsic neural oscillations does
not imply that rhythmic arm movements are continuously expressed at the mechanical level. Consistent with this distinction,
our in silico brittle star did not exhibit locomotor behaviour when the controller was driven by constant, time-invariant sensory
inputs, despite the persistence of oscillatory ganglion dynamics. Behavioural studies have shown that brittle star arms fail to
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Figure 7. (A) Two-dimensional UMATO embedding of the activity patterns of the five ganglia during a 10 s simulation of the exemplar rower discussed in §3.1. Each
ganglion’s trajectory forms a closed loop, consistent with self-sustained oscillatory attractors. Notably, ganglion trajectories remain distinct and do not converge to a
single state, confirming decentralized operation. (B) Two-dimensional UMATO embedding of the final 1 s of ganglion states after 5 s of constant sensory input. Even
under constant input, trajectories trace closed orbits, demonstrating that the oscillations are intrinsic to the network rather than imposed externally or by mechanical
resonance.

generate coordinated periodic motion when lifted off the substrate, highlighting the critical role of physical interaction with the
environment in producing locomotion [4]. This observation is consistent with a view in which decentralized neural oscillators
act as latent pattern generators whose motor expression is gated and shaped by sensory feedback and mechanical loading, rather
than autonomously driving rhythmic motion at all times. Similar principles are well established in studies of CPGs in other ani-
mals, where intrinsic neural rhythms require appropriate sensory or mechanical triggers to be transformed into overt locomotor
behaviour [11]. In our framework, ganglia thus function as local oscillatory units, while the modulation and translation of these
oscillations into coordinated rowing motions depend on sensory—motor coupling with the environment.

These results align with empirical in vivo findings. Matsuzaka et al. [6] and Kano et al. [10] showed that an arm deprived of its
basal ganglion fails to coordinate joint activity, underscoring the ganglion’s role as a local organizer of rhythmic motion. Clark
et al. [8] reported that arms no longer interconnected through the circumoral nerve ring lose the ability to coordinate. Our sim-
ulations reconcile these views: ganglia naturally develop local oscillatory attractors, which then synchronize through circumoral
connections to generate coherent, whole-body gaits. Conceptually, these results demonstrate how a ‘brainless’ nervous system can
implement coordinated pattern generation. In many animals, rhythmic locomotion is driven by CPGs: neural circuits that produce
sustained oscillations even in the absence of rhythmic input [11]. Although CPGs have been demonstrated in many invertebrates
(e.g. mollusks, crustaceans and leeches) [38], no direct evidence for CPG-like circuits in brittle stars has yet been published. Our
results suggest a functionally analogous principle: each ganglion functions as an independent rhythmic oscillator whose activity
is intrinsically sustained, while the expression of these oscillations into coordinated locomotion is initiated and shaped by sensory
input and synchronized through coupling by the circumoral nerve ring. Rather than relying on a central pacemaker, brittle stars
thus achieve robust locomotion through the collective dynamics of sensory-modulated and decentralized oscillatory units. This
provides a mechanistic explanation for how coordinated periodicity arises from a network of decentralized ganglia.

4. Conclusion and outlook

In this work, we developed the first model of brittle star locomotion that enables neural dynamics and gait kinematics to emerge
freely under environmental constraints, rather than being prescribed a priori. This is achieved by integrating morphology, sens-
ing and a bio-inspired decentralized ANN controller within a general-purpose physics simulator. Using this integrative in silico
framework, we addressed two unresolved questions: (i) how decentralized ganglia generate rhythmic activity and synchronize
it across the circumoral nerve ring to produce coherent, whole-body coordination, and (ii) why such coordination converges on
rowing as the predominant locomotor gait. Our results provide computational answers to both.

First, we demonstrated that bio-realistic rowing gaits can emerge spontaneously in our framework, i.e. without embedding gait-
specific rules in the optimization scheme. Subsequent neural analysis revealed that each arm’s ganglion develops a self-sustained
oscillatory attractor and that synchronization across the ring produces coherent whole-body gaits. This supports the view that
brittle star locomotion is underpinned by decentralized oscillator networks that operate similarly to CPGs found in other animals.
Importantly, this is a functional analogy rather than a claim of anatomical or mechanistic equivalence; determining whether brittle
stars possess these dedicated CPG-circuits will require targeted neurophysiological studies.
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Second, we showed that increased sensory dependency constrains the locomotor solution space, biasing the system towards
more structured and bio-realistic gaits. In particular, gaits trained under higher sensory challenge better resembled the character-
istics of natural rowing. These findings support the hypothesis that the dual role of arms as both effectors and sensors imposes
intrinsic constraints that favour rowing as a robust compromise between movement and reliable perception. We emphasize, how-
ever, that we interpret sensory dependency as a contributing selective pressure towards rowing, rather than a complete explanation
of the natural gait. Consistent with this, optimization did not reliably converge to a single, stereotyped rowing solution across runs,
suggesting that additional pressures probably further shape in vivo rowing. To further improve both the realism of and the relia-
bility with which highly bio-realistic gaits are obtained, additional selective pressures and modelling ingredients may, therefore,
be required. Introducing elements such as uneven terrain, particulate surfaces or scattered obstacles would create richer physical
interactions and further increase the system’s sensory dependency. We hypothesize that such conditions would amplify the trend
observed here—driving the controllers to rely more heavily on sensory feedback and thereby converge more consistently towards
biologically realistic gaits.

4.1. Implications for robotics

Beyond its biological contributions, this work also carries implications for robotics. The controller demonstrates how robust co-
ordination can emerge from local recurrence and restricted communication, a principle relevant for modular and reconfigurable
robots. Moreover, our results emphasize that appropriate environmental demands during training are essential for eliciting stable
and meaningful behaviours. This reflects the design philosophy articulated by Pfeifer et al. [18], emphasizing that adaptive be-
haviour arises not solely from top-down control but also from the continuous interplay between the body’s sensorimotor system
and its physical environment.

In addition, the framework further supports the development of brittle star-inspired robots that translate these principles into
physical form [4]. Such a robot could inherit the animal’s distinctive advantages: the ability to navigate complex, unstructured
terrains, robustness to limb loss or mechanical failure [4] and even the potential to repurpose its limbs for grasping or manipulation
[1]. Exploring these properties first in a simulation environment, where both morphology and control can be systematically varied,
provides a principled guidance for future physical realizations. The presented framework thus not only illuminates how brittle
stars move but also helps to pave the way towards embodied machines that leverage similar modular, decentralized and adaptive
principles.

4.2. Future directions

Looking ahead, our in silico test bed enables a novel range of controlled experiments that are currently unfeasible in vivo.

First, it can probe the neural consequences of arm loss. This is a biologically relevant perturbation given the brittle star’s natural
ability to autotomize and regenerate arms. Such simulations could extend the results of Kano et al. [4] and reveal what role the
ganglion of a lost arm continues to play within the decentralized network.

Second, although our focus here lies on rowing, the optimization has also produced reverse rowing gaits. This opens the pos-
sibility to further investigate the neural and sensory mechanisms that govern the selection between the brittle star’s two principal
locomotor strategies [2].

Third, the test bed can be used to explore morphological variations. While most brittle stars have five arms, some species
possess six or seven [23,39]. By systematically varying the number of arms in simulation, the test bed can probe why pentaradial
symmetry is the dominant configuration, and how additional arms affect coordination, stability and robustness. In addition, brittle
star species differ in arm stiffness and compliance, which are known to affect gait characteristics. Varying joint stiffness within
the model would allow systematic investigation of how these mechanical properties shape locomotor patterns and coordination
regimes [3].

Finally, the test bed permits manipulations that transcend natural constraints. Circumoral connectivity can be altered to probe
the limits of decentralization, from the biologically realistic case of strictly neighbour-to-neighbour communication to full in-
terconnection between all arms. Similarly, the balance between local and inter-arm processing can be varied: in the current im-
plementation, arm-level sensory integration and inter-ganglion communication occur on the same time scale, but systematically
adjusting this ratio would reveal how the relative speed of local versus global processing affects gait emergence and stability.
The framework also enables direct comparison between decentralized and hypothetical centralized architectures—a question of
biological relevance, since a central brain would need to integrate vast sensory inputs and coordinate many degrees of freedom
simultaneously across a radial body plan. In contrast, the decentralized architecture naturally partitions this complexity, allow-
ing coordination to emerge from local interactions. Such comparisons would clarify whether distributed control offers adaptive
advantages in robustness, scalability and fault tolerance, with implications for both biology and robotics.

These avenues underscore the broad potential of the framework as an open-ended computational test bed for brittle star biology
and, more broadly, for exploring decentralized control in embodied agents.
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Supplementary material is available online [41].
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