A resonant squid-inspired robot unlocks biological
propulsive efficiency
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Elasticity has been linked to the remarkable propulsive efficiency of pulse-jet
animals such as the squid and jellyfish, but the underlying dynamics have not
been quantified nor utilized in any robotic system. This work identifies the
pulse-jet propulsion mode utilized by these animals as a coupled mass-spring-
mass oscillator, enabling the design of a new flexible self-propelled robot. We
use this system to experimentally demonstrate that resonance greatly benefits
pulse-jet swimming speed and efficiency, and the robot’s optimal cost of trans-
port is found to match that of the most efficient biological swimmers in nature,
such as the jellyfish Aurelia aurita. The robot also exhibits a preferred Strouhal
number for efficient swimming, thereby bridging the gap between pulse-jet
propulsion and established findings in efficient fish swimming. Extensions of
the current robotic framework to larger amplitude oscillations could combine
resonance effects with optimal vortex formation to further increase propulsive

performance and potentially outperform biological swimmers altogether.



Introduction

Resonance exploitation in elastic components is a ubiquitous and powerful idea which can en-
hance performance in domains as diverse as harvesting environmental energy and singing so-
prano (1-3). In terrestrial walking (4), jumping (5) and even terrestrial snake propulsion (6)
exploiting mechanical resonance has been used to significantly increase propulsive efficiency.
For example, passive dynamic walkers (4), non-actuated systems capable of performing bipedal
locomotion by exploiting resonant dynamics, laid the groundwork for under-actuated robotic
walkers an order of magnitude more efficient than their fully controlled predecessors (7).

Much less work has focused on resonance exploitation for biologically-inspired underwater
robots and vehicles, despite evidence that this is used by animals. The use of flexible materials
has been studied extensively in biological flapping foil propulsion, such as fish swimming (8)
and insect flight (9). Here, the efficiency increase has been associated with the synchroniza-
tion of the vortex shedding and the undulating body deformations, both from self-induced vor-
tices (10) and upstream wakes induced by obstacles or other swimmers (11, 12. However, the
majority of engineering studies simplify the complex body mechanics of a swimming fish down
to a single flexible plate, and more complete robotic systems, such as the high frequency swim-
ming robot of (13), exploit flexibility in their fins at most and have not focused on resonance.
Considering a different biological propulsive model may offer more opportunities to exploit
resonance for underwater robotics.

A variety of marine life such as jellyfish, octopuses, salps, shellfish and squids use periodic
or pulse-jetting as a form of locomotion, Figure 1(A). Pulse-jetting entails the cyclic expansion
and contraction of a hollow cavity of the specimen’s body, which in turn drives the ingestion
and expulsion of ambient fluid. Pulse-jetting organisms are known to excel in short-distance,

predatory swimming, in addition to sustained propulsion (14). Fluid dynamics modeling and



:UT u<U

i

T

=

0o

T

L [eM]

1
2

Strawberry squid,
Histioteuthis heteropsis

Figure 1: Conceptual framework for resonant squid-like propulsion. (A) A strawberry squid
is one of many animals which utilize pulse-jet swimming; image credit Paul Caiger (¢) Woods
Hole Oceanographic Institution. (B) Schematic of the simplified pulse-jet swimming mode
used in this work having body deformation period T = 1=f, amplitude A, and instantaneous
swimming speed U which varies around the average speed U. The grey body is the swimmer of
mass Mg, which flexibly contracts (from t=T = 0 to %) and expands (=T = % to 1) its body
cavity to force fluid in and out with added mass M, . The inline acceleration of the body also
accelerates some external flow with added mass M ;e . (C) This fundamental mode of motion is
equivalent to a linear mass-spring-mass oscillator. The driving mass Mp = Mg, and is always
out of phase with the reaction mass Mg = Mg + Mge, while the stiffness Kk is determined by
the body flexibility and geometry.

experiments have shown that the vortex ring and size-change generated by a pulse-jet produce
a propulsive thrust well in excess of a steady jet (15, 16. These findings have spurred the
development of a range of pulse-jet and size-changing robotic vehicles (17—21), even including
a micro-robotic version of a juvenile jellyfish with variable kinematics (22). However, none of
these robots or any other in the literature exploit resonance, relying instead on direct actuation
or explosive one-time jets.

Much the same as resonance exploitation in walking and flapping animals, the nature and
geometric arrangement of muscle fibres in a squid mantle (23) hints that elastic energy may
play a role in their propulsion (24,25. Similarly, the jellyfish Polyorchis penicillatusvas found

to swim with a frequency related to the stiffness of its bell (26), suggesting that this enables the



