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Abstract Undulatory locomotion is studied as a biological paradigm of versatile body morphology and effective motion
control, adaptable to a large variety of unstructured and tortuous environmental conditions (e.g. the polychaete annelid worms
move equally efficiently in water, sand, mud and sediment). Computational models of this type of locomotion have been de-
veloped, based on the Lagrangian dynamics of the system and on resistive models of its interaction with the environment, and
have been validated on a series of lightweight robotic prototypes, whose undulatory actuation achieves propulsion on sand.
The work described here extends these models of locomotion and motion control in two directions: one is the generation of
sensor-based reactive behaviors, based on appropriate sensory information, and the second is motion control via biomimetic
neuromuscular control, based on central pattern generators. This leads to reactive neuromuscular control schemes, which are
used to generate the behaviors necessary to traverse corridor-like environments and maintain the cohesion of swarms of undu-
latory robots. Simulation studies demonstrate the possibility to generate undulatory reactive behaviors for such systems based
on information from distance sensors. The expansion of our undulatory prototypes with an appropriate sensory apparatus, in
order to validate such reactive control schemes, is in progress.
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Introduction
Control of locomotion is one of the most significant problems for emerging robotic applications dealing with
unstructured and tortuous environments, which range from endoscopy to planetary exploration [1–4]. Drawing
inspiration from biology, where this problem has been effectively addressed by the evolutionary process, can help
the design of agile robots able to adapt robustly to a variety of environmental conditions.
A marine worm species, the polychaete annelids, offer an intriguing biological paradigm of locomotion, char-

acterized by the combination of a unique form of tail-to-head body undulations, with the rowing-like action of the
numerous lateral appendages, called parapodia, distributed along their segmented body [5,6]. Both characteristics
provide these worms with distinctive locomotory modes, increasing their swimming, terrain traversing and bur-
rowing capabilities over sand, mud and sediment. Undulatory locomotion in annelids and other animals, as well
as in robots, is achieved through appropriate coupling of internal shape changes (typically a traveling body wave)
to external motion constrains (typically frictional forces from the interaction with the locomotion environment).
Evidence exists [7–9] that annelid undulatory locomotion is based on Central Pattern Generators (CPGs), which
are neuronal circuits able to produce rhythmic motor patterns in an organism (swimming, breathing, etc.), even in
the absence of sensory input or input from higher cognitive elements. Such input may alter the synaptic strength
and intrinsic properties of the CPG’s neurons, thus modulating its rhythmic activity [10]. From an engineering
viewpoint, interest in CPG-based locomotion controllers stems, not only from their elegance, but also from their
potential to lead to distributed, thus fault-tolerant and robust, motion control architectures [1, 11–13].
The literature on undulatory robotics has mainly focused on mechanical design and open-loop control. How-

ever, in order for such devices to be able to operate in the complex environments for which they are intended,
they require exteroceptive sensors to implement more complex behaviors, either for single robots (e.g., obstacle
avoidance, pursuit of moving targets), or for multi-robot swarms (e.g., formation control, cooperative explo-
ration). Many potential applications for undulatory robots (e.g., site inspection, search-and-rescue missions)
involve tasks which could be efficiently addressed by multiple robotic agents operating as a swarm. A signif-
icant body of work is available regarding the dynamics and control, as well as relevant sensor-related aspects,
for swarms of conventional mobile robots and of underwater or aerial vehicles; however, swarms of undulatory
robots do not appear to have been investigated (see [14,15] and references therein).

Neuromuscular Control for Undulatory Robots
The main components involved in modeling an undulatory locomotor have been implemented in this work as
follows:
Body mechanics: An articulated mechanism model is adopted, comprising rigid 2D links, serially connected via
revolute joints. Details of the system’s Euler-Lagrange equations of motion appear in [4].
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Interaction with the environment: A viscous friction model is used, where the tangential and normal compo-
nents of the force applied to the ith link are obtained as F i

T = −cT viT and F i
N = −cNviN , with viT and viN being

the respective components of the link’s velocity. The ratio cN/cT of the force coefficients determines whether the
overall locomotion is in the opposite (for cN > cT , eel-like mode) or in the same (for cN < cT , polychaete-like
mode) direction as the propulsive wave [4,13].
Propulsive wave generation: Neuromuscular body shape control schemes have been developed [12, 13], based
on models of the CPG which controls lamprey swimming (see, e.g., [16]) and implementing a connectionist CPG,
formed as a chain of (identical) segmental oscillators, which are properly interconnected to generate a wave of
joint activation. Each segmental oscillator comprises interneurons and motoneurons (modeled as leaky integra-
tors), arranged in two symmetrical sub-networks that create oscillations through mutual inhibition. The torques
applied to the body joints are determined by the outputs of the corresponding motoneurons, after activating a pair
of antagonistic lateral muscles (modeled as spring-and-damper elements). The motoneuron output characteristics
can be altered by tonic (i.e., non-oscillating) inputs to the left and right sub-networks of the segmental oscillators
(IL and IR, respectively) [12]. Coupled to the body’s mechanical model, the locomotor CPG yields motion in
a straight line for IL = IR, while turning motions are instigated by unequal tonic inputs to the two CPG sides.
These tonic inputs are exploited, as described below, to generate reactive behaviors.

Reactive Behaviors for Undulatory Robots
The elongated articulated body of undulatory robots, whose locomotion involves a continuously changing shape,
complicates the generation of reactive behaviors. We consider here distance sensors placed on each robot link
and employed to dynamically adjust the propulsive wave amplitude, while the head link incorporates additional
sensors (e.g., vision), utilized in steering the mechanism. This approach parallels the distribution of sensory
structures in, e.g., polychaete annelid worms [5,6].
The SIMUUN computational tools for undulatory locomotion [13], were employed to set up the simulations

presented here. These consider an undulatory mechanism composed of seven identical links, each equipped with a
distance sensor pair aiming at±90◦ with respect to the link’s main axis, while the head link features an additional
distance sensor pair, aiming at ±45◦ (Fig. 1a). The locomotor CPG comprises 20 segmental oscillators, with the
motoneuron outputs from (roughly) every third oscillator utilized to provide torque signals to the six joints,
through the activation of antagonistic muscles.
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Figure 1: Neural control of the undulatory centering behavior, for polychaete-like locomotion:
(a) trajectory of the mechanism, and (b) the corresponding tonic input signals and motoneuron outputs of the locomotor CPG.

Reactive Centering Control: This reactive behavior is inspired by the centering response exhibited by bees when
flying through narrow gaps, which has been attributed to their balancing the retinal motion perceived by each of
their two wide field-of-view compound eyes. It was originally implemented for nonholonomic mobile robots,
whereby optical flow information from several distinct “looking” directions in the field of view of an onboard
panoramic camera is employed directly in the control loop [17]. Adaptation to the dynamics of undulatory robotic
locomotors relies on balancing the weighted sum of the distance sensor outputs to the left and right sides of the
robot [15]. AssumingM pairs of distance sensors, and denoting by dL,i and dR,i (1 ≤ i ≤ M ) the outputs for
such a sensing array, the control law to realize the undulatory centering behavior is then implemented via the tonic
input signals applied to the left and right sides of the CPG as IL(t) = 1− kns(t) and IR(t) = 1+ kns(t), where

kn > 0. The distance metric is obtained as s(t) =
µ

MP
i=1

widL,i(t)

¶−1
−
µ

MP
i=1

widR,i(t)

¶−1
, with the weights

wi determining the relative contribution of theM sensor pairs. A series of simulations demonstrates the ability
of the integrated neural control scheme to successfully navigate the robot through various corridor-like courses,
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both for eel-like and for polychaete-like interaction with the environment, when utilizing sensory information
from the head link. Indicative results are shown in Fig. 1.
Formation Control of Undulatory Swarms: A variation of the “circling” control law, proposed in [14] for
multiple unit-speed vehicles, is employed, where a circling formation emerges by steering controls alone, based
on range and relative orientation data. Adaptation to a swarm of n undulatory mechanisms, each under neu-
ral control, involves setting the tonic drive of the jth swarm member to IjL(t) = 1 − gj(t) and IjR(t) =
1 + gj(t). The sensor-modulated component is obtained as gj = 1

n

P
k 6=j(−η sinϕj + f(ρjk) cosϕj) with

f(r) = a
h
1−

¡
r0
r

¢2i (η, a and r0 are all positive constants). Considering the (j, k)th-pair of undulatory robots,
ρjk denotes the distance between their head link centers, while ϕj and ϕk is the orientation of the head links
with respect to the direction perpendicular to the baseline connecting the centers of the head links. Indicative
simulation results for an undulatory swarm under this formation control law, are shown in Fig. 2.
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Figure 2: Neural control of a swarming behavior, for eel-like locomotion: Circular formation control.
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