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Abstract
Jellyfish achieve efficient pulse jetting through large-amplitude, low-frequency deformations of a
soft bell. This is made possible through large localised deformations at the bell margin. This paper
develops a novel soft-robotic underwater pulse jetting method that harnesses the buckling of
flexible tubes to generate thrust. Soft material instability is controlled through variation of internal
water pressure in the tubes, where we demonstrate repeatable large-amplitude deformations with
bell flexion angles of 29± 1.5◦ over a frequency range of 0.2–1.1 Hz. The actuator is used to propel
a soft robotic platform through water, achieving instantaneous velocities of up to 5 cm s−1 with no
noticeable degradation in performance over 1000 pressure cycles.

1. Introduction

Underwater robots are routinely used to study mar-
ine environments and ecology in challenging and
delicate environments [1, 2]. Although such surveys
are typically carried out by conventional, rigid sub-
mersibles actuated by propellers and control surfaces,
soft robotic systems have the potential to increase
propulsive efficiencies and reduce the risk of dam-
age to both the robots and the fragile ecosystems they
operate in. However, bioinspired designs do not yet
achieve the efficiency of their natural counterparts or
the versatility and wide operating range of propellers.
These gaps need to be reduced to take greater advant-
age of soft actuators in underwater robot designs.

The high rotation rates and tip speeds of pro-
pellers create unsteady wakes. In shallow water
(i.e. low hydrostatic pressure), low pressure zones
around the rotating blades can cause cavitation
and multi-phase flow, generating noise at low fre-
quency ranges (10–1000 Hz) that are known to affect
marine wildlife [3, 4], and interfere with acoustic
communication [5]. Bioinspired propulsors typically
operate at frequencies closer to those of marine
life, offering a potential alternative for underwater
propulsion with reduced environmental impact.

Pulse jetting is a mechanism used by natural swim-
mers that alternately contract and expand a flexible
cavity (bell) to accelerate the fluid mass and gen-
erate thrust. Pulse jetting shows one of the highest
energy efficiencies among natural swimming tech-
niques [6]. Whilst pure pulse jetting is suitable for
creating rapid accelerations, jellyfish achieve efficient
continuous propulsion with the addition of a pad-
dling action into the cycle [7, 8]. The paddling action
relies on a highly flexible bell margin, which under-
goes large deformations along a short section of the
cavity wall, maximising the circulation of vortices
formed at the margin [9]. The stopping vortex from
the expansion phase and the starting vortex from
the following contraction phase pair up and convect
downstream. This vortex pair features a central jet
with high velocity in the direction opposite to the
jellyfish motion [10]. This vortex interaction helps to
reduce drag during the expansion of the bell, aiding
swimming efficiency and reducing the loss of kinetic
energy in the wake [11].

Jellyfish anatomy allows for large deformations
of a gelatinous mesoglea between the epidermal
and endodermal layers [12]. The mesoglea has a
sufficiently low stiffness to maintain the structural
integrity of the cavity wall whilst allowing for large
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elastic deformations. The location of maximum
compressive deformation in the mesoglea has an
estimated stiffness of 50 Pa, compared to a stiff-
ness of 352 Pa for the broader bell mesoglea [13].
Reproducing the large localised deformations seen at
the bell margin, whilst maintaining a controlled and
repeatable flapping motion, has yet to be reproduced
by a bioinspired robot. This can be attributed to the
difficulty in manufacturing and controllably manip-
ulating extremely flexible materials.

Several underwater soft robot actuation
techniques have demonstrated pulse-jetting.
Villanueva [14, 15] used shape memory alloys and
linear actuation of mechanical arms, both of which
relied on movement of stiff materials, to manipulate
a soft body. Bujard [16] demonstrated resonance of
a soft bell to achieve efficiency similar to nature’s
most efficient swimmers, but the mechanism relied
on rigid mechanical arms to deform the soft material.
The resonant frequencies achieved were significantly
higher than those of natural swimmers. Another soft
robotic platform, PoseiDRONE [17] controlled an
entirely soft bell using adhered cables to contract the
bell. The approach achieved large volume changes,
but the deformation pattern was uncontrolled and
governed by the location of cable attachment points
on the thin walls of the bell. The system relied on the
elastic potential of thematerial to passively restore the
bell to its natural shape, which limited the operable
frequencies since the fluid ingestion rate could not be
controlled [18].

Control of both frequency, f, and amplitude, A, to
optimise soft robot swimmer efficiency is non-trivial.
The Strouhal number relates these variables to swim-
mer speed, U and is defined as,

St=
2fA

U
. (1)

Most flying and swimming animals operate within
0.15⩽ St⩽ 0.8 [19, 20]. Such Strouhal numbers have
been achieved by soft robots, but required a dif-
ferent ratio of frequency to amplitude compared to
the examples in nature. Typical swimmers and fly-
ers operate with a flexion angle of ∼27◦ [21], with
bats, some fish, and molluscs exceeding 40◦ whilst
operating at low actuation frequencies due to the high
inertial loads imposed by water. Typical pulse jetting
swimmers operate at around 0.6 Hz [6], an order
of magnitude below existing efficient pulse jetting
robots [16]. The desire to unlock biological efficiency
and manoeuvrability drives investigation into gener-
ating large amplitudes at low frequencies.

This study leveragesmaterial instabilities to access
large amplitude deformations at low frequencies.
Taking inspiration from jellyfish anatomy, thin-
walled flexible tubes are used to maintain their struc-
ture (higher stiffness), and buckle (lower stiffness)
through pressurisation or depressurisation of an

internal incompressible fluid. Pressurisation of inflat-
able tubes to control the stiffness of flapping foils has
been investigated, where Micklem et al [22] demon-
strated that a foil could be tuned to a range of nat-
ural frequencies by adjusting the second moment of
area of the foil using inflatable tubes. To achieve the
large angle deformations needed for the bell mar-
gin of a pulse jetting robot, a significantly higher
and more localised change in second moment of
area is required. Our hypothesis is that this large
change in the second moment of area can be effi-
ciently achieved throughmaterial instability, specific-
ally the elastic buckling of flexible tubes, producing a
controllable 1 degree of freedom flexible joint. Elastic
buckling could allow for a snap-through response,
similar to those experienced by bistable systems, if
internal pressure is rapidly changed, but controlled
pressure change also has the ability to provide con-
tinuously stable actuation, allowing for variable fre-
quencies and amplitudes.

Numerous existing methods are capable of
providing soft actuation, bypassing the need for
mechanical joints. Pneumatic and hydraulic muscles
operate through a principle where the change in a
tube (bladder) cross-section drives the shape change.
The bladder is wrapped in a non-extensible mesh
sleeve, which restricts the system from expanding
radially and allows for axial contractions only. While
such pneumatic and hydraulic systems can mimic
muscle contraction or extension through simple
expansions of an extensible tube, much larger, loc-
alised deformations become possible through buck-
ling. Achieving larger amplitudes with pneumatic
systems, similar to buckling, requires a longer actu-
ator and a larger volume of fluid for pressurisation
[23]. Pneumatic muscles exhibit non-linear beha-
viour under large strain, which is also to be expected
from a buckling system. As a result of energy losses
from material strain, both methods exhibit hyster-
esis between expansion and contraction phases [24].
Efficiency of pneumatic muscles vary, but are typic-
ally within the range of 20%–50% [25, 26].

Dielectric elastomers have also been used in
bioinspired robots [27], enabling them to provide
deflections through independently controlled actuat-
ors on either side of a soft body.When a voltage is put
across the elastomer, it undergoes expansion, and a
voltage difference on either side of the soft body leads
to an angular deflection. Using very thin bodies, large
localised deformations can be achieved [28]. Whilst
dielectric elastomers have potential for high efficien-
cies (max. 90%) [29], practical applications struggle
to reach 40% [30–32], with increasing frequencies
(required to provide large forces) a key contributor
to reductions in efficiency. Dielectric materials also
have risks when operating in salt water, with high-
strain dielectric materials at high risk of hydrolytic
degradation and subsequent reductions in strength
and elasticity [33].
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Table 1. Young’s moduli of natural swimmers [40, 41], naturally
buckling components [42], and synthetic materials [43, 44].

Material Young’s modulus [Pa]

Jellyfish mesoglea 3.5×102

Squid mantle 1.0×106

Earthworm cuticle 1.3×106

Silicone rubber 5.2×105 – 6.2×107

Flexible PVC 5.5×106 – 3.2×109

Tensegrity structures show promise for bioin-
spired designs [34], with a number of designs for
bioinspired propulsors appearing in literature, but
few having made it beyond theory or preliminary
testing [35, 36]. The high complexity and relatively
limited localised deflection capabilities have diver-
ted research away from propulsors, instead, targeting
high fidelity operations, including mechanical arms
and systems for exploration in highly confined spaces
[37, 38].

In many scenarios, buckling is considered a
form of catastrophic plastic failure that should be
avoided. However, flexible materials can buckle while
remaining in the elastic regime. This technique
is demonstrated in nature by earthworms, which
buckle their cuticle to aid locomotion, particularly
while navigating flowable substrates [39]. Table 1
shows that the Young’s modulus of the most flex-
ible silicone rubber samples is similar to the earth-
worm’s cuticle, suggesting that cyclic buckling of sil-
icone can be performed without experiencing plastic
deformation.

Two soft buckling actuators made of silicone rub-
ber tubes on either side of a bell cavity were used
to replicate the expansion and contraction motions
of a jellyfish. Flat plates constrained the fluid in the
spanwise direction, making the body consistent with
the two-dimensional cross-section of a jellyfish bell.
Using the soft buckling platform, we achieved large
deformations during pulse jetting while maintaining
the structural integrity of the bell. Our experiments
demonstrate that this approach yields repeatable res-
ults, consistent across a wide range of actuation fre-
quencies, with no noticeable material degradation
observed over 1000 actuation cycles. The proposed
propulsion method could better replicate the effi-
cient, low-frequencymotions used by jellyfish to gen-
erate thrust, using only a small number of mechan-
ical components with the potential to form an entirely
soft bell.

2. Experiments in air

When an unbuckled soft tube acts as a cantilever, its
deflection subjected to an endpoint load can be estim-
ated from simple beam theory.

D=
FL3

3EI
, (2)

where F is the contractive force, L is the length of the
tube, E is the Young’s modulus, and I is the second
moment of area. For an inextensible tube, where
pressure does not influence the second moment of
area, deflection is constant for a given force, regard-
less of internal pressure [45]. This assumes that the
internal volume of the tube is unchanged, there-
fore, it is only appropriate for small angle deflections.
With highly flexible tubes, some variation in deflec-
tion can be expected by varying internal pressure.
When buckling occurs, the second moment of area
reduces at the location of the hinge formation, and
the tube’s deflection increases significantly. Whilst
increasing pressure does not directly influence the
second moment of area in pure bending, it will delay
the onset of buckling. For any tube, an internal pres-
sure, P, has a corresponding critical buckling force,
Fcrit. For a pressure range, Prange, where P− ⩽ P⩽
P+, the tube will be able to buckle and unbuckle
purely by cycling between maximum and minimum
pressures.

The selection of Prange is important to minimise
the required energy input. Increasing pressure when
unbuckled is not expected to produce any foil deflec-
tion; thus, no useful work is produced. Energy losses
occur when a material experiences high deforma-
tions, thus there is expected to be a hysteresis between
pressurisation and depressurisation phases. It was
expected that unbuckling would require a higher
pressure than the initial buckling, as some of the
potential energy providing a restoring force to the
tube dissipates as the material strains, thus a higher
fluid pressure is required to compensate.

Before building a swimming system, there is
a need to understand the buckling behaviour. To
investigate the buckling hysteresis during expansion
and contraction, and to explore the required internal
pressure change, Prange, and the tube length for effi-
cient buckling, we conducted experiments in air with
buckling silicone rubber tubes.

2.1. Hysteresis from buckling
To investigate the hysteresis of buckling, a tube was set
up as a cantilever with an end mass (48 g) positioned
such that the unbuckled deflection brought the can-
tilever tip parallel to the ground, applying a force, F,
perpendicular to the tube. The end mass, providing
the moment for buckling, was situated 7 mm bey-
ond L, thus the lever arm from the cantilever root,
LM, is equal to L+7. We used silicone rubber tubes
with a measured Young’s modulus of 1.30MPa. The
tubes had an internal diameter, d, of 8 mm and a wall
thickness of 0.999± 0.0066 mm, preventing plastic
deformation while maintaining suitably low expan-
sion under pressure. The tubes were constructed by
stretching silicone tubing over 3D-printed polylactic
acid plugs, with a layer of superglue to ensure a
watertight seal. The internal pressure was controlled
through an inlet in one end plug.
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Figure 1. (a) A tube with high internal pressure, such that
F≈ Fcrit, and a buckle has just begun to form. This points
corresponds to the upper 10% bound in figure 2. (b)
Internal pressure has reduced such that the corresponding
Fcrit no longer exceeds F and the tube has buckled. The
buckle is not yet at maximum deformation, and further
reduction in P would result in greater deflection. This
experiment is shown in supplementary video 1.

Four tubes with a flexible length of 32± 2 mm
were used to conduct the hysteresis experiments in air
via pressurisation and depressurisation of the tubes.
Each tube experienced two cycles, with a cycle span-
ning from P− = 0 kPa, to P+ = 60 kPa, a pressure
that is sufficient to fully unbuckle the tube. The amp-
litude, h, was measured as the vertical displacement
of the mass attachment point. Figure 1 shows the
setup used, as the tube switches from an unbuckled
state to an intermediate buckling state. In figure 1(a),
the internal pressure is sufficient to maintain a near
fully unbuckled state, but we can see a hinge start-
ing to form. As the internal tube pressure is decreased,
the tube buckles further. Figure 1(b) shows an inter-
mediate buckling state where the tube has buckled,
but the internal pressure within the tube can still
partly support the end load, and displacement is not
yet at a maximum. Figure 2 presents the change in
amplitude against the applied pressure. For efficient
buckling operation, it is recommended to avoid the
minimum and maximum amplitude, as the rate of
amplitude change against pressure change is very low
in these regions. Buckling efficiency has been calcu-
lated excluding the pressure required to produce the
upper and lower 10% amplitude changes, shown by
the dashed lines in figure 2.

2.2. Buckling efficiency
The indirect use of buckling forces to control the state
of a soft bell requires design optimisation. Efficiency,
η, is defined as the ratio of potential energy to elevate
the end mass, m, through an amplitude change, ∆h,
to the energy supplied to increase the pressure in the
tubes by Prange. Here, η can be expressed as,

η =
mg∆h

LSPrange
(3)

Figure 2. Amplitude against internal pressure for a buckling
tube with a 48 g end mass. A clear hysteresis is visible
between the inflation and deflation curves (error bands are
calculated using the standard error of the mean, SE= σ√

n
).

Buckling efficiencies have been calculated for the region
enclosed by the 10% bounds. Red dashed lines represent
potential increasing pressure curves if P− is controlled,
thus reducing the buckling amplitude and the required
input energy.

where g is acceleration due to gravity and S is the
cross-sectional area of the tube.

Increasing the load acting on the pressurised can-
tilever tube allows a larger produced force, thus, a
larger thrust to be exerted when the tube buckles.
However, this also results in a largerPrange necessary to
generate the same amplitude. Similarly, an increase in
tube length enables a larger range of motion between
buckled and unbuckled states. The influence of the
applied mass and tube length on buckling efficiency
was investigated experimentally. Using the same setup
(figure 1), tubes with lengths 30 mm, 40 mm, and
50 mm, each experienced buckling forces of 0.38 N,
0.58 N, and 0.79 N. Additionally, the tube paramet-
ers used later in free swimming experiments (16 mm
and 1.08 N) have been added. The change in buckling
efficiency against the variations in tube length and the
applied force is presented in figure 3, with the x-axis
set such that η has a linear response to the changes
in length and force. This linearisation produces a plot
where η ∝ L−1

M L−1F−0.5.
Figure 3 shows that there is an inverse correla-

tion between both tube length and applied moment,
and efficiency, with changes in length having a greater
influence (η ∝ 1/(LML) vs. η ∝ 1/

√
F). The trend-

line intersects the origin, which confirms that as
limL→∞, η(L) = 0, and limLMF→∞, η(LMF) = 0. This
suggests that the tube length and contractive moment
should be kept as low as possible. The linear trend
is expected to break down at some point before η =
100%. This can be attributed to the existence of amin-
imum required moment and tube length for buck-
ling to occur unrestrained. The L term arises in a dir-
ect link to equation (3), whereby η ∝ L−1. Supplied
power is proportional to the volume of the tube and
therefore the tube length. Outside of the buckling
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Figure 3. Linearised plot of η as a function of L and F from
the initial experiments in air, with a linear trendline
intersecting the origin plotted. The average error between
the experimental data and linear trendline is 3.18%. The
tubes used later in free swimming experiments have been
added in purple, and show a 7.3% improvement over the
predicted trend.

region no useful work is produced, thus, all supplied
energy is wasted.

3. Materials andmethods for a free
swimming platform

3.1. Soft robot design and actuation
A bioinspired robotic platform actuated via buck-
ling flexible tubes has been developed and tested to
investigate the repeatability and usability of soft buck-
ling as a method for marine pulse jetting. The flex-
ible tubes characterised through the experiments in
air have been used with the tube length limited to
twice the tube internal diameter, 16 mm, without
hindering the buckling motion (It is expected that
this length can be further reduced whilst maintaining
the target flexion angles, increasing efficiency towards
60% without compromising the buckling motion).
The free-swimming experiments were carried out
using the actuator in figure 4(a), connected to the
robotic platform shown in figure 4(c). A full schem-
atic of the experimental setup is shown in figure 4(b).
The robotic platform is immersed in a water tank
(4.5 m × 2.5 m × 1.2 m), and the pressure change
prescribed through the actuator drove the paddling
motion through repeated buckling and unbuckling of
the flexible tubes.

The robotic platform shown in figure 4(c) had
two tubes on each side of the bell to ensure buckling
in the desired two-dimensional plane. These tubes
were angled 60◦ apart at the root, with the perman-
ent deflection determined by equation (2) bringing
the tube ends to near parallel when unbuckled. A
solid paddle was attached to the end of the tubes
on each side, with a floating hinge at the location of
buckling. This hinge allowed for unrestricted rotation
between the robot body and paddles, preventing the

rigid structure from impeding the buckling motion
and limiting the fluid outflow through the bell edges.
Whilst this body was not entirely soft, the solid
paddles were connected to the swimmer’s body via
the flexible buckling tubes only. Elastic bands were
connected between the paddles on either side, provid-
ing the contractive force necessary to induce buck-
ling. Clear acrylic panels were fitted to the front and
back of the robot to restrict the tip flow around the
solid paddles. Within the main body of the robot,
the inlet plugs of the buckling tubes were joined to
a single flexible feeder hose via a four-way junction,
contained in a hydrodynamic housing. The four-way
junction ensured that the pressure within each tube
was equal at all times and allowed pressure to be con-
trolled by an external pump. Hooks were installed at
both ends of the swimmer, allowing artificial buoy-
ancy control via suspended masses on either side, as
shown in figure 4(b).

Internal pressure in the buckling tubes was varied
using a 20ml syringe connected to the feeder hose,
using water as the working fluid. Compression and
expansion of the syringe was controlled by a variable
speed actuator, composed of a DC motor rotating a
cam and driving a crank attached to the syringe plun-
ger. The system, when disconnected from the actu-
ator, passively returns to ambient pressure. Here, only
the motor requires (non-negligible) energy input
during pressurisation above ambient pressures or to
create a partial vacuum. For the rest of the pressure
cycle, the motor controls the pressure reduction in
order to produce a consistent sinusoidal pressure. A
pressure transducer was attached to the feeder hose
at the syringe, which output a signal to an oscillo-
scope to determine internal pressure and frequency.
Figure 5 shows the measured pressure throughout
the cam cycle, along with the corresponding position
of the cam during the expansion phase. The meas-
urements indicate a near sinusoidal pressure cycle
with minor discrepancies due to the crank arm angle
and deformations of the plunger. Due to the low fre-
quency actuation used for these experiments, there is
minimal delay between pressurisation and the struc-
tural response and imposed kinematics. Input energy
is required for the partial vacuum formation and
pressurisation, from0.3⩽ t/T⩽ 0.5, and 0.7⩽ t/T⩽
1.0, respectively. Throughout the experiments, Prange
varies slightly across the frequency range, resulting in
up to 10% deviations around the pressure cycle max-
ima at higher frequencies. This is likely a result of
friction in the feeder tube, which caused an increase
in pressure on the actuator when operating under
higher loads. Across the frequency range, the average
Prange was measured to be 60 kPa. Figure 6 shows a
series of images taken from the platform immersed in
water.
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Figure 4. (a) 3D design of the actuator used to control internal pressure within the buckling tubes and record pressure data during
experiments. A brushed DC motor controlled by a variable voltage supply drove a cam, producing linear motion to drive the
syringe plunger. (b) Schematic of the experimental setup. (c) Design of the robotic platform used for free-swimming experiments.

Figure 5.Measured pressures across an actuation cycle,
taken from a run at 0.4 Hz. Only positive pressure data is
available, and a cosine wave has been fitted to predict the
negative pressures within the cycle (A= 29.6, B= 7.6). A
total pressure change of± 59.2 kPa per half rotation of the
cam was generated.

3.2. Free swimming experiments
The primary aim of free swimming experiments
was to determine the consistency and repeatabil-
ity of buckling over a range of biological actuation
frequencies whilst attaining a buckling amplitude
similar to the flexion angles achieved by natural
swimmers.

For the free-swimming experiments, buoyancy of
the robot was tuned by adjusting F+ and F− using
masses attached to a fishing line and pulley system.
A similar pulley system was used to draw the feeder
hose out of the water, reducing the impact of hose

Figure 6. (a) P= P+, all tubes are unbuckled and the bell
cavity is at maximum volume. (b) P− ⩽ P ⩽ P+, the tubes
have begun to buckle, but the amplitude is still low. (c)
P= P−, the bell amplitude is at a maximum, and a
significant buckle is showing in the flexible tubes.

bending on the swimmer’s motion.Whilst in motion,
hydrodynamic drag, Fdrag, and dynamic frictional
drag, Ffriction, both contribute to resist the swimmer’s
motion. Due to the low speed of the underwater body,
we expected the system friction to be much larger
than the hydrodynamic drag, Ffriction >> Fdrag. The
dynamic frictional drag varies with the first power
of velocity, Ffriction ∝ V. For constant velocity free-
swimming, we can assume thrust to vary accordingly
to overcome this drag, thus, Fthrust ∝ V.

6
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To prevent static frictional forces from adding a
third drag component, F+ was increased to make the
robot slightly positively buoyant, resulting in a per-
manent positive velocity. The swimming speed, V,
and the pulse jetting force, Fthrust, were then calcu-
lated relative to the non-swimming, positively buoy-
ant robot. The non-swimming velocity was measured
for both the unbuckled and buckled profiles, and the
average was taken as the reference velocity (V = 0).

During swimming, an increase in frequency was
expected to result in an increase in thrust through two
separate contributions. Higher frequencies increase
the number of force-generating pulses per second and
the acceleration of the expelled fluidmass within each
cycle. Based on these simplified assumptions, it was
approximated that the pulse jetting force correlates
with the second power of pulsing frequency, F∝ f 2,
and consequently, V∝ f 2, assuming the drag force is
dominated by frictional components.

Nine frequencies between 0.2 Hz ⩽ f ⩽ 1.1 Hz
were investigated, covering the range of frequencies
of most natural swimmers. For each frequency, as
well as the static swimmer in both the buckled and
unbuckled state, the swimmer’s vertical velocity, V,
was calculated from the average time taken to trans-
late between two points. During experiments, the
order of the nine actuation frequencies was random-
ised and each frequency was tested 3 times (except
the top two which were only performed once to pre-
vent the motor from getting damaged). All experi-
ments were recorded using a camera at 30 FPS. With
the highest swimming frequency of 1.1 Hz, this res-
ulted in a minimum of 27 frames spanning an actu-
ation cycle, allowing amplitude measurement within
a single cycle.

3.3. Comparison to computational fluid dynamics
(CFDs)
CFDs simulations over a two-dimensional domain
have been performed to compare the vortex gener-
ation of the free swimming platform to that of bio-
logical jellyfish, and to predict swimming speed in a
frictionless environment. The WaterLily framework
solves the incompressible Navier–Stokes equations
and performs turbulence modelling using implicit
large eddy simulations (LESs) [46]. A domain size of
49 152 cells was used and the simulation was insens-
itive to further spatial refinement (2% change when
increased to 196 608 cells). Due to the body shape of
the free-swimming platform, it was not possible to
directly validate the generated forces with that of bio-
logical jellyfish or other CFD from literature. There
is strong correlation in the location of force peaks
and troughs with the CFD of natural jellyfishmotions
[6], but the magnitude of energy recapture during
the expansion phase is noticeably higher in literature,
likely a result of the more complex motions explored.

Simulations were run with constant inflow
velocity, thus accelerations of the body are not

captured. The predicted swimming velocity of the
body at different actuation frequencies has been
determined as when the time-averaged thrust and
drag on the body over 2 complete actuation cycles
are equal. Reynolds number, Re= VL/ν (where ν is
the kinematic viscosity of the working fluid), and St
have been matched to free-swimming experiments.
Swimming velocity from simulations is expected to
be proportional to the actuation frequency, in con-
trast to the free-swimming experiments. Fdrag ∝ V2

and Fthrust ∝ f 2. For free swimming, V∝ fA [47].
Thus, at constant motion amplitude, it can be stated
that V∝ f.

3.4. Free swimming results and discussion
Figure 7(a) presents the time-averaged swimming
speed, V, across different actuation frequencies, f. A
curve fit of V∝ f1.8 was found to be a better repres-
entation of the experimental data within the tested
frequency range, compared to the previously pre-
dicted trend, V∝ f 2. This deviation is due to the
assumption that Ffriction ∝ V. Whilst V is sufficiently
small, this assumption should hold true. However,
the instantaneous velocity, V ′, experiences peaks and
troughs within each pulse-jetting cycle, as shown in
figure 7(c). At the lower frequencies, f = 0.4 and
0.8 Hz, the maximum instantaneous velocity is 3.4
times the time-averaged velocity, max(V ′)/V≈ 3.4.
At the highest frequency considered, f =1.1 Hz, this
ratio reduces tomax(V ′)/V≈ 2.6. This can be attrib-
uted to the drag component becoming more influen-
tial at the higher velocities, reducing the maximum
instantaneous velocity, and producing the deviation
from the predicted V∝ f 2 trend. Speeds predicted by
LES are larger than those measured from the free-
swimming platform (∼5 times higher at 1.1 Hz),
due to the simulations being a frictionless system.
Simulations follow a linear trend (with some oscilla-
tion) as predicted.

The instantaneous amplitude, A′, for four runs
has been compared and plotted in figure 7(b), with
data taken at frequencies of 0.2, 0.4, 0.8, and 1.1 Hz.
Across this frequency range, the waveform remains
largely unchanged, showing that the buckling mech-
anism has high repeatability and exhibits large and
near-constant amplitude deformation over the entire
investigated frequency range. Table 2 shows the
average peak amplitude, A, and variability (standard
error) across experiment batches, with no signific-
ant change over 1000 cycles. Buckling amplitude is a
direct response to the material properties. Thus, no
change in amplitude confirms that there was negli-
gible or no degradation in the system.

This consistency across the frequency range con-
firms that buckling is a viable means of actuation
for bioinspired robots aiming to actuate with sim-
ilar parameters to natural swimmers. The usual flex-
ion angle for natural swimmers of 27◦ was exceeded,
with an average buckling amplitude of 29.3◦ for

7
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Figure 7. (a) Relative velocity against actuation frequency. Error bars are calculated as the standard error of the mean across three
sets of experiments at each frequency. The highest two frequencies only have data from one experimental batch. A video
comparison of swimming speed against actuation frequency is provided in supplementary video 2. Swimming speeds from LES
are plotted on a secondary axis. The time-averaged Re for free-swimming experiments peaked at 6100 at the highest frequencies,
with comparable LES at 17 500. (b) Cycle-averaged amplitude across the acquired time-series at four different frequencies, 0.2 Hz,
0.4 Hz, 0.8 Hz, and 1.1 Hz. The shaded region represents the standard error of the mean across the cases. The peak amplitude is
centred, occurring when t/T= 0.5 (c) Instantaneous velocity of the body across a cycle, fitted using a Gaussian process with a
±1σ confidence band. Much of this uncertainty comes from the differentiation of positional data from the camera images, where
the low swimmer speed and high recording frequency produces oscillations around the mean V ′. The maximum velocities occur
with a lag of t/T= 0.107 when compared to the amplitude, a response to body inertia and asymmetrical forces produced across
the actuation cycle. At 1.1 Hz a maximum Re of 13 700 is experienced.

experiments at biological frequencies of 0.6 Hz± 0.3.
Crucially, this amplitude was possible using only a
16 mm length of tubing (L= 2d), confirming that
buckling can be used to replicate the localised high
deformations seen at the bellmargin ofmany efficient
pulse-jetters.

Despite using symmetrical expansion and con-
traction, atypical for pulse jetters, the vortex genera-
tion from LES has captured the predicted trends from
literature. These vortices are shown across a complete
cycle in figure 8.

Locomotive efficiency can bemeasured using cost
of transport (CoT), defined as:

CoT=
P

mU
(4)

where P is the power supplied to the system (often
taken as metabolic power for natural swimmers due
to the difficulty in isolating the propulsive power),m
is the mass of the system, and U is the velocity of the
body. The produced CoT (with units of Jkg−1m−1)
thus measures the energy required to move a mass
over a distance. CoT for a range of biological swim-
mers, as well as a number of vehicles and robots, is
shown in figure 9. The CoT of the free-swimming
experiments is in line with that of existing robots and
vehicles, and the increased velocities predicted from

Table 2. Average peak amplitude across experiment batches,
where an experiment batch spans one experimental run at each
frequency between 0.30 and 0.90 Hz, and the variability (standard
error) shown for each batch.

Experiments Cycles A [◦]

1 100 – 399 29.2± 0.7
2 400 – 699 29.2± 0.5
3 700 – 1000 29.6± 0.4

CFD for a frictionless system brings the CoT ahead of
most existing robots.

To increase system efficiency, the peak pressure
reached at the end of the unbuckling phase could be
reduced, as there is no noticeable change in amp-
litude when phase = 0→ 0.15 and 0.85→ 1. Once
the tube is fully unbuckled, supplied energy no longer
contributes to thrust generation. During the buckling
phase, there is no sustained flat spot at P−, shown
in figure 7(b). An approximately sinusoidal pattern
is maintained at maximum amplitude, matching the
sinusoidal pressure input from the rotating cam in
figure 4(a). Further reductions to P− are likely to fur-
ther increase the buckled amplitude but would also
impose greater stresses on the soft material in the
buckling zone.

8
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Figure 8. Vortex generation from t/T= 0.5 to t/T= 0.75 on the following cycle. (a) The body is initially stationary in a flow.
Amplitude is at a maximum. The vortex v0 is formed from flow over a bluff body. (b) v1 is the beginning of the stopping vortex,
as the bell expands and fluid is drawn into the bell. (c) v1 is held close to the body. External flow would typically carry vortices
away from the body, but the drawing of fluid back into the body has held the stopping vortex at the bell orifice throughout the
expansion. (d) The contraction phase takes place, and the starting vortex, v2, is formed. The starting vortex interacts with the
stopping vortex, v1, enhancing circulation of both vortices. (e) The end of the contraction phase, and the vortex pairing of v1 and
v2 translate downstream. The opposing directions of these vortices produces the central jet between them, where fluid velocity is
at a maximum. (f) The vortex pairing stays together in the wake as momentum dissipates into the ambient fluid. A new stopping
vortex, v3, is produced as the bell re-expands, and the cycle repeats.

Figure 9. CoT against mass for various robots, vehicles, and natural swimmers, for which each has a separate trend line. Natural
swimmer CoT is plotted from [6], and small robot CoT is taken from [48]. Commerical vehicle data is obtained from [49–52].
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When the tubes buckle, the elastic bands were
responsible for the contraction of the bell. Across the
frequency range tested, this contraction was consist-
ent, which showed the repeatability of the buckling
action. However, at higher frequencies, we expect a
lag between the pressure and amplitude change, res-
ulting from increased drag and resistance from added
mass on the paddles. This lag can produce a higher
thrust force, as the lower internal tube pressure will
provide less of an unbuckling force. Tomaintain oper-
ationwithin the biological frequency range, this could
also be achieved by increasing the size of the paddle,
thus increasing the resistance to contraction at lower
paddle speeds. However, operating with too high a
lag could result in lower amplitudes and would need
careful consideration of material and spring proper-
ties. The pressure cycle can also be manipulated to
be asymmetric, with a faster depressurisation (bell
contraction) followed by a steady state period at P−
to achieve maximum amplitude and a glide, fol-
lowed by a slower pressurisation (bell expansion) to
reduce the drag force from fluid ingestion. This is a
recommended area for future work, as it is expec-
ted to provide improvements in locomotive efficiency
without a substantial increase in required power.

It is expected that independent actuation of each
side of the bell could contribute to improved low
speed manoeuvrability over propellers and tradi-
tional control surfaces [53], with the ability to provide
thrust vectoring by variation in pressurisation rate
and magnitude across buckling tubes.

4. Conclusions

Repeated buckling and unbuckling of flexible tubes
can generate consistent thrust through pulse jet-
ting in water. A 60 kPa pressure range inside flex-
ible tubes coupled to a constant stiffness spring was
sufficient to produce large amplitudes of ∼29◦, that
remained consistent within an actuation frequency
range of 0.2–1.1 Hz. This matches the amplitudes
and frequencies seen by natural swimmers, and sug-
gests that buckling tubes are suitable for bioinspired
propulsors. The mechanism was used to propel a
soft jellyfish-inspired robot through water, where
increased pulse frequency led to a predictable increase
in velocity, with instantaneous velocities of up to
5 cms−1. The analysis shows that future efforts should
investigate material and spring choices to further
increase the thrust generation at low frequencies, and
consider imposing a lag on the buckling via rapid
depressurisation and increased paddle drag. Dynamic
efficiency measurements should be incorporated, in
particular when using rapid changes in pressures,
to get a better understanding of the power that can
be generated through buckling. Independent actu-
ation of each buckling tube can potentially improve
low speed manoeuvrability over propellers and tra-
ditional control-surfaces. No sign of fatigue was seen

across the 1000 pressure cycles performed. To better
understand the impact of fatigue on cyclic buckling,
it is recommended to investigate performance over a
larger number of actuation cycles.
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