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Jellyfish locomotion is a classic example of muscle-driven swimming that simultaneously
results in propulsion and prey capture. In this study, we present a computational framework
to examine the bio-energetic trade-off behind medusozoan paddling motions and nutrient
consumption. Using the immersed-boundary method for fluid-structure interaction prob-
lems, we simulate axisymmetric deformations for simplified jellyfish models inspired by
Aurelia Aurita and Clytia Hemisphaerica. Across varying pulsating swimming frequencies,
we quantify the energetic cost of swimming and energy gained from the feeding current
to identify a frequency range where these jellyfish can sustain feeding while satisfying
metabolic energy constraints. This provides us with a plausible explanation for the
evolutionary fitness of specific feeding behaviour in medusozoa.

1. Introduction and Motivation

Jellyfish represent one of the earliest examples of active, muscle-driven locomotion
in multicelled organisms, offering a valuable window into the evolutionary origins of
swimming and predation. For a paddling jellyfish, propulsion and manoeuvring are
achieved through coordinated active deformations of the flexible bell, which serves as the
principal locomotive appendage (Demont & Gosline 1988). Each swimming cycle involves
an active muscular contraction of this bell, followed by a passive elastic relaxation. During
contraction, the jellyfish bell scoops inward, generating a rolling vortex ring at its edge.
Upon relaxation, this vortex is shed downward, away from the bell, producing a thrust
that propels the jellyfish forward while simultaneously dragging potential prey toward its
feeding structures (Dabiri et al. 2020).

Previous experimental and computational works have investigated the swimming me-
chanics of paddling jellyfish, examining the effects of bell geometry, material properties,
and kinematic patterns on propulsion efficiency and vortex formation (Colin & Costello
2002; Dabiri et al. 2005, 2020; Hoover & Miller 2015). From an evolutionary and biological
viewpoint, these swimming behaviours cannot be decoupled from feeding. Prey capture by
a jellyfish is often characterised in two steps. First, the prey is detected via hydrodynamic
signals, then it is passively captured through fluid momentum generated by the bell motion.
In cruising medusozoa such as the common Aurelia Aurita, prey is advected by a feeding
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current into the subumbrellar cavity towards oral arms or nearby nematocyst-bearing
capture organs (Peng & Dabiri 2009; Dawoodian & Sau 2021).

Recently Dawoodian & Sau (2021) offered a comprehensive view of how jellyfish swim
and catch prey, using the three-dimensional simulations of jellyfish coupled with the
Maxey-Riley equation to model active prey particles. They explored how prey trajectories
depend on jellyfish morphology, paddling force, and resonant bell actuation, emphasising
the hydrodynamic mechanisms underlying vortex formation and prey interception.

Rather than asking only how jellyfish capture prey, we adopt a broader bio-energetic
lens to ask why they select particular swimming and feeding strategies. We introduce a
simplified model of the jellyfish that links the metabolic cost of paddling to the caloric gain
from nutrient uptake, allowing us to maximise the net energetic profit-the energy harvested
from food after expending the energy for locomotion and feeding. This new perspective
recasts jellyfish behaviour in terms of evolutionary fitness and bio-energetic profitability.
We utilise the framework to study two well-studied medusozoa species: the moon jellyfish
Aurelia Aurita, and the much smaller Clytia Hemisphaerica, both a frequent subject of
observational studies (Gemmell ef al. 2013; Dabiri et al. 2020; Weissbourd et al. 2021).

This paper is organised as follows. In Section 2, we explain the physical problem, the
immersed boundary method, jellyfish parameters, observable calculation, and simulation
software implementation. Section 3 presents our results, comparing swimming dynamics,
energy expenditures, and feeding optimisation for deformation models inspired by A. Aurita
and C. Hemisphaerica jellyfish models. Finally, Section 4 discusses our results and offers
concluding remarks.

2. Materials and Methods
2.1. Continuous Equations of Motion for the Fluid-Structure Interaction Problem

Aquatic locomotion is a coupled Fluid-Structure Interaction (FSI) problem. The swimming
body’s motion impacts the surrounding fluid, whose momentum in turn propels the body.
FSI problems are common in physics, engineering, and biological systems, and have
been explored with a variety of computational frameworks. The immersed boundary (IB)
method is a well-established FSI technique (Peskin 2002) which resolves solid points
as a curvilinear Lagrangian mesh evolving through an Eulerian fluid grid. This method
has been applied to a host of biological swimming problems in the low to intermediate
Reynolds number regime, including lamprey swimming (Tytell et al. 2010; Patel et al.
2018a), crustacean swimming (Zhang et al. 2014), and previous studies of medusozoan
swimming (Hoover & Miller 2015; Hoover et al. 2021).

The IB method couples fluid-body motion by adding source terms describing body forces
to the equation for fluid momentum balance. The fluid’s effect on the body is imposed by
a no-slip boundary condition at the solid boundary.

Let x = (x,y,z) € Q denote physical Cartesian coordinates on the Eulerian fluid
grid, with Q denoting the entire simulation domain. Let X = (X,Y, Z) € Uy denote the
Lagrangian material points assigned to the immersed structure, where Uy represents the
entire solid domain. The physical Eulerian position of the material point X at time ¢ is
given by the reference map function, y (X, ) € Q. The governing continuous equations
for the IB method are as follows:
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P’ (% +u(x,t) -Vu(x,0)|==Vp (x,0) + 1 Vu (x,1) + f (x,1) (2.1)
Vou(x,t)=0 (2.2)
0 ,

% - /Q dx u (x,1) 6 (x - x (X, 1)) 2.3)
f(x,1) :/ dX F (X,1)6 (x — x (X,1)). (2.4)

s

u (x,t) is the fluid velocity field, p (x,t) is the pressure field, p* is the reference fluid
density, and u* is the reference fluid viscosity. Equation 2.1 is a momentum balance
equation for an incompressible Newtonian fluid, where f (x, ¢) represents external forcings
on the fluid field. Equation 2.2 is a statement of fluid incompressibility, and Equation 2.3
is a statement of the non-slip condition, requiring fluid velocities to match the velocity
of the moving solid boundary. Equation 2.4 applies forces to the fluid field based on the
solid body force density F (X, ). Together, Equations 2.3 and 2.4 form the core of the
immersed boundary method, describing how momentum is exchanged between the fluid
and the solid: the former governs how the fluid moves the solid, and the latter how the solid
exerts forces back on the fluid.

2.2. Jellyfish Bell Geometry

We utilise the same three-dimensional radially symmetric hemiellipsoid model for the
jellyfish bell used in previous medusozoan simulation studies (Hoover et al. 2017, 2021;
Dawoodian & Sau 2021). The bell shape is parametrised as follows

X2+Y2 (Z+Db)?
+ =
a? b?

a is the radius of the jellyfish bell and & = 0.46a is the bell height, where the ratio of a
and b is inspired by observations of the Aurelia Aurita jellyfish (McHenry & Jed 2003).
A diagram of the undeformed jellyfish bell shape is shown in Figure 1. In our simulations,
we model the bell as an infinitely thin shell, represented computationally by a single layer
of immersed boundary points that define the surface of the bell.

1 Z2>-b. (2.5)

2.3. Model Parameters and Non-Dimensionalisation

The Reynolds number is a dimensionless quantity used to assess the ratio of viscous and
inertial forces acting on a fluid. To study the different jellyfish behaviour quantitatively, we
introduce a frequency-based definition of the effective Reynolds number.

_ /ﬁ Arad
=P
where a is the jellyfish bell radius and a,,q = 0.5a is the maximum radial contraction
distance. P is the period of swimming cycles.

Simulations were carried out for 24 total contraction periods to allow the jellyfish to
accelerate to a steady periodic swimming state. Our reference parameters are summarised
in Table 1.

To recover dimensional quantities, we multiply reference parameters by the desired
dimensional quantities. To find the dimensional frequency wy of deformation cycles,
velocity v and energy E r values we use

Re

(2.6)
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Parameter Symbol Value Dimension
Jellyfish Bell Radius a 0.75 [L]
Jellyfish Maximum Bell Contraction argqq 0.5 =0.375 [L]
Jellyfish Bell Height b 0.46a = 0.345 [L]
Deformation First Rotation Magnitude M varied [L’l 1

Deformation Second Rotation Magnitude H varied L!
Jellyfish Maximum Bell Contraction arqq 0.5 =0.375 [L]
Jellyfish Bell Height b 0.46a = 0.345 [L]
Jellyfish Total Deformation Period P 0.14 [T]
Jellyfish Fast Contraction Duration P %P ~ 0.0323 [T]

Fluid and Solid Reference Density ~ p* = p; 1.0 [ML73]

Reference Fluid Viscosity u* varied [M TL~ 1]

Concentration Field Initial Values co 10 [ML73]

Table 1. Table of reference parameters used for the bell and swimming deformation model.

Parameter Symbol Value Units
Dimensional Fluid Viscosity Ha 1073 kgsm™!
Dimensional Fluid Density Pd 103 kgm™3
A. Aurita Radius LAY 0.1 m
C. Hemisphaerica Radius LdCH) 0.005 m
Nutrient energy density a 8.47x10°  Jkg~!
Nutrient density in fluid Prood  1.76 X 1073 kgm‘3
Metabolic Sustenance Energy for A. Aurita E%(l.f'zA) 0.2044  Jcycle™!
CH)

Metabolic Sustenance Energy for C. Hemisphaerica E 5.11x 1073 Jcycle™

life

Table 2. Table of dimensional parameters used for our jellyfish model.

R
wy =t = 2.7)
pa 0.5L%
L
Vd = —dedv* (2'8)
a
_ pd (La : 2
Eq="5 (=2 (Pwa)*E". (2.9)
P a

pa and ug are the dimensional output densities and viscosity, respectively. v* and E™* are
reference velocities and energies obtained as outputs to our simulation. The dimensional
parameters utilised in our work are summarised in Table 2.

2.4. Modelling Nutrient Concentration

To model the nutrient flux of nutrient particles into the jellyfish, we advect a concentration
field ¢ (x, ) in tandem with the fluid velocity field. We assume that nutrient particles are
small and dilute enough in comparison to the jellyfish such that they have no impact on
the surrounding fluid and can be modelled with pure fluid transport. More details on this
assumption can be found in Appendix C.

The concentration field ¢ (x, t) is governed by the following evolution equation

4
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Figure 1. (Top) Jellyfish geometry cross section at t = 0 viewed along the x-axis. The sink region S (¢) is shown
in orange. (Bottom) The three-dimensional bell shape is formed by rotating this cross-section around the z-axis,
with the sink region S (¢) forming a thin cylinder around the top of the bell region.

dc(x,t) . =
{_at tu(x,) - Ve(x,)=0 xeQ (2.10)

c(x,1)=0 xeS)’

S () is a thin cylindrical region modelling the mouth of the jellyfish, which moves as the
jellyfish swims. In this region, the concentration field is zero, representing the jellyfish’s
capture of incoming nutrients. The sink region is centred around the jellyfish’s centre of
mass in the lab frame y oy, (1) = ¥ (Xcom, 1):

e = xcom () = ((x = Xcom 1) -2) 2] < 5
|(x = xcom (1) -2 < 0.1a

Z is a unit vector in the z direction. In the top panel of Figure 1, we present a jellyfish bell
cross section with the sink region S (7) shaded. The bottom panel of Figure 1 presents the
radially symmetric three-dimensional bell geometry. We initialise the concentration field
to have a constant value everywhere at ¢ = 0, ¢ (x,0) = co.

S(1)=4{x R’ (2.11)

2.5. Computing Observables
We are interested in comparing the nutrients consumed by the jellyfish and the energy
expended to perform this feeding. The energy expenditure is measured by calculating the
total energy transfer from the jellyfish into the fluid domain. This is given by the time
integral of the power input by the jellyfish into the fluid due to the jellyfish’s motion:

T
E;xpended (T) = ‘/0 dr P i*nput’ P fnput =P ltinetic +P ;iss' (2'12)
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The kinetic and dissipated power are obtained by integrating over the simulation domain:

. 1,0
Plinetic =/ dx -p*— (u(x,1) -u(x,1)) (2.13)
fe) 27 Ot

Pjiss = /def(x,t) 1 Vu (x,1). (2.14)

where T (x,1) = 2 X % ue (u (x,1)) is the fluid stress tensor for a viscous Newtonian fluid.

The quantity of nutrients consumed in time 7', F* (T'), is found by integrating the relative
upward flux of nutrients through the bottom of the mouth region. We must compute the
flux relative to the jellyfish’s centre of mass motion to account for the jellyfish’s swimming
velocity, and we only want to calculate the flux from below to represent the jellyfish feeding
by pulling nutrients into its mouth from below the bell region, not by swimming forward
into a nutrient-rich region. Furthermore, we only integrate this flux in time when the flux
is positive. A negative flux represents a local fluid velocity that is less than the centre of
mass velocity. This is physically equivalent to nutrients moving too slowly to reach the
jellyfish’s mouth, not the jellyfish returning nutrients to the fluid, which would decrease
F*(T).

T
F*(T) = / dt max (0,/ dA ¢ (x,1) (u (x,1) = xcom (1) 2) (2.15)
0 3s(1)
a
3

ds (1) = {x cR3 [(x = xcom () = (( = xcom (1)) -2) 2] < } (2.16)
(x = xcom (1)) -2=-0.1a

F*(T) is a measure of nutrient consumption, not the net energy gain from feeding. We
both dimensionlise F* (T') and multiply by a conversion factor . @ represents the energy
obtained per unit food consumed.

Egain (T) = 0.7 X aF (T) 2.17)
La\° pr
F= (—d) Prood s (2.18)
a co

We use a = 2.5 kcalg™! based on a survey of zooplankton energy densities performed by
Barroeta et al. (2017). The factor of 0.7 assumes a 70% assimilation energy efficiency for
medusozoa (Pauly ez al. 2008). For the dimensional nutrient density, we use pgod = 5.91
ugm™3, from studies of global mesozooplankton densities (Moriarty & O’Brien 2013).

To survive, the energy obtained from feeding should be greater than the total energetic
cost of feeding, including both the mechanical energy expended during feeding, E;, and
the baseline metabolic energy requirement, Ejis, necessary to sustain bodily functions.
Ideally, the surplus energy should be optimised to support growth and reproduction in
addition to survival.

Eguin > Egq + Ejife. (2.19)

We approximate Ejir. for the A. Aurita and C. Hemispherica based on a survey of oxygen
consumption of A. Aurita (Hohn et al. 2017) and the wet mass of these jellyfish (Han et al.
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2009). We use El(igA) =0.2044 J cycle™! for A. Aurita and El(igH) =0.511 mJ cycle™! for
C. Hemispherica.

2.6. Prescribed Jellyfish Deformation

Equations 2.1-2.4 are entirely self-contained except for the solid force density field F (X, 1)

whose form we are free to specify. In general, there are two common approaches to

constructing F (X, 1):

1.Define a stress tensor o~ (X, ¢) within the solid region and compute F (X, ) = V-0 (X, t)
as the divergence of this stress. o (X, r) is composed of an active prescribed element and
an elastic element that is a function of the solid deformation.

2.Prescribe a deformation velocity v, (X, ) to the immersed solid and determine the force
density F (X, t) required to enforce this motion within the fluid.

Although jellyfish possess inherently elastic and deformable bodies, we adopt the second
approach, which is more often used for rigid swimmers like fish or eels (Patel et al. 2018b).
Instead of solving for internal elastic forces to compute deformations, we prescribe the bell
motion directly, based on empirical observations of swimming jellyfish. Since our focus
is not on the mechanics of muscle contraction or elasticity, we effectively let the observed
kinematics account for the internal force balance, bypassing the need to model it explicitly.
This allows us to simplify the computation by removing the elastic dynamics from the
simulation entirely.

The benefit of this approach is precise control over jellyfish deformations. Because our
study is focused on understanding the fluid and nutrient flow in response to these motions
rather than modelling the internal biomechanics which create them, explicitly simulating
the elastic response is unnecessary and would only introduce complexity without adding
insight to our work. We summarise the mathematical formulation for calculating the force
density field F (X, t) from a prescribed deformation in Appendix B.

We base the deformation model on swimming observations of Aurelia Aurita (McHenry
& Jed 2003). To incorporate the effects of passive energy recapture (Gemmell et al. 2015),
we design each swimming cycle to include a rapid contraction phase followed by a longer
relaxation phase. Because we examine swimming and feeding behavior across a range
of Reynolds numbers, the applied deformation must be viable even in the low-Reynolds-
number regime. In this regime, propulsion requires non-reciprocal motion; symmetric
forward and backwards strokes cancel due to the time-reversible nature of viscosity-
dominated flows (Purcell 1977).

To achieve non-reciprocal motion, we construct the deformation with two modes: a
primary mode that bends the entire paddling arm, scaled by a parameter M, and a secondary
mode that deforms only the arm’s tip, scaled by a second parameter H. Increasing M
produces a stronger initial rotation around the arm’s base, while increasing H enhances the
curvature at the tip, amplifying the “scooping” effect of the deformation. By introducing a
phase offset between these two modes, we break time-reversal symmetry and ensure that
propulsion is possible even at low Reynolds numbers.

The time-dependence of the deformation is controlled by the total period P and the
contraction duration Py. The jellyfish actively contracts for a time Py, then passively
relaxes back to its resting shape over the remaining period. Based on empirical observations
of A. Aurita swimming (McHenry & Jed 2003), we set Py = %P. A full description of
the deformation model is provided in Appendix A.

We implemented two species-inspired deformation patterns based on the swimming
kinematics of A. Aurita and C. Hemisphaerica. Both deformations achieve a maximum
radial contraction of a;g = 0.5a, but differ in morphology. A. Aurita exhibits a more

7
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Figure 2. Deformation patterns inspired by Aurelia Aurita and Clytia Hemisphaerica. Green dots indicate the
undeformed shape, red dots show the shape at maximum deformation, and the orange line traces the edge of
the paddling arm over one cycle. The left panel (A. Aurita) uses parameters M = 4, H = 9; the right panel (C.
Hemisphaerica) uses M = 5.5, H = 2.

pronounced scooping motion, while C. Hemisphaerica has a greater vertical displacement
with less bend in the paddling arm. For A. Aurita, we used M = 4, H = 9; for C.
Hemisphaerica, we used M = 5.5, H = 2. A cross-sectional slice of the axisymmetric
deformation is shown in Figure 2. The full 3D shape is generated by rotating this slice
about the z-axis to create a radially symmetric contraction. The orange dotted line in Figure
2 traces the tip of the paddling arm throughout the cycle. Notably, this trajectory encloses
an area, indicating that the forward and backwards paths are not equivalent and that the
deformation is non-reciprocal.

2.77. Software Implementation

This numerical method was implemented using IBAMR, a parallelised implementation
of the IB method that includes Adaptive Mesh Refinement (AMR) (Griffith et al. 2007,
IBAMR 2025). IBAMR makes use of several open source libraries, including SAMRAI
(Hornung et al. 2006; SAMRALI 2025), PETSc (Balay et al. 1997; PETSc 2025), and
HYPRE (Falgout & Yang 2002; HYPRE 2025). The computational domain was taken to
be a rectangular prism with one corner located at (—8a, —8a, —%a) and the opposite

corner at (Sa, 8a, %a). The jellyfish was initiated at the origin (0,0,0) and we used

periodic boundaries along the z-axis direction and fixed Dirichlet boundaries for the x and
y directions. The domain was adaptively refined with a smallest grid spacing of Ax = 55.
Note that the large domain size in relation to the characteristic length scale a results in
only very minor interactions between the jellyfish and the imposed boundary conditions.

3. Results

3.1. Swimming Dynamics
We consider the forward swimming dynamics for the two deformation patterns applied to
the jellyfish. Simulations were performed over a wide range of Reynolds numbers, from
Re = 0.1 to Re = 10°. For each simulation, we tracked the forward swimming velocity
as the velocity of the jellyfish centre of mass along the z-axis direction, and the forward
displacement as the z-coordinate of the centre of mass.

8
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Figure 3. Visualisation of A. Aurita swimming at Re = 100. The top panel displays the out-of-plane vorticity,
the second panel displays the velocity magnitude, the third panel shows the forward velocity u, and the bottom
panel displays the concentration field.

The top panel of Figure 3 shows the out-of-plane vorticity w, during A. Aurita swimming
at Re = 100. During the contractive period, the movement of the bell generates a vorticity
layer near the bell surface. During relaxation, the bell expands and generates a stopping
vortex that spins in the opposite direction of the starting vortex. This vortex is pushed
downwards, away from the jellyfish’s bell and results in forward motion. We also show
contours of the magnitude of the vorticity field in Figure 4 for A. Aurita swimming at
Re = 1000, where vortex rings are more persistent than in the Re = 100 case due to
reduced viscous dissipation. Supplemental Movies 1-12 show contours of the vorticity
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Figure 4. Swimming vorticity snapshots of A. Aurita swimming at Re = 1000.

and velocity field evolution for swimming motions of A. Aurita and C. Hemisphaerica at
Re = 10, 100, and, 1000.

The third panel of Figure 3 shows the z-component of the velocity field. Notably,
the upward flow within the bell persists throughout the swimming cycle, including
the relaxation phase. This sustained positive vertical velocity is a result of vortex ring
interactions, consistent with the phenomenon of passive energy recapture previously
observed in experiments (Gemmell et al. 2013).

The bottom panel of Figure 3 illustrate the nutrient concentration field advecting with
the movement of the jellyfish. Within the bell and mouth regions, the nutrient field is nearly
depleted, ¢ = 0. Swimming motions advect surrounding nutrients into the subumbrellar
region. Nutrient accumulation is most prominent beneath the mouth, where particles are
entrained and retained by the vortex rings generated during the swimming cycle.

10
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Figure 5. Forward speed and displacements for A. Aurita and C. Hemisphaerica deformations at Re = 300. In
this case, Ly = 0.1 m was used for both species for an equal comparison.

In Figure 5, we compare the forward velocities and forward displacements for the two
deformation patterns, both cases swimming at Re = 300 with a dimensional length of
Ly = 0.1 m for both cases for an even comparison. Because of the vertically longer
deformations with less scooping C. Hemisphaerica achieved sharper velocity peaks and
maximal velocities in comparison to A. Aurita. In Figure 6 we display two contraction cycles
for A. Aurita, shading the fast contraction window to note the acceleration and vertical
displacement during this period. For both swimming cases, the velocity increases rapidly
during the contraction period and then decelerates during the longer relaxation phase as
the jellyfish returns to its underdeformed state while still moving forward, consistent with
observational results (Gemmell ef al. 2013; Dabiri et al. 2020).

Both species require around five contraction periods to accelerate to a steady swimming
state from a standstill. We only compute average velocities, energies, and nutrient con-
sumptions after this steady state is reached and the maximal velocity achieved during each
deformation cycle is not increasing.

3.2. Computing Swimming Energy Exertion and Nutrient Consumption

The power exerted by A. Aurita for the same swimming period at Re = 300 is shown in
Figure 7. At a moderate Reynolds number, the kinetic power exerted by the jellyfish makes
up a greater portion of the total exerted power than the viscous power dissipated into the
fluid. The total power is high during the initial contraction window, becoming negative
after the maximum deformation is achieved and returning to O at the end of a paddling
period.

From the total exerted power, we calculate the cumulative energy cost of the paddling
motion by integrating in time (left panel of Figure 8). The energy per cycle is computed
as an integral over each paddling period, and the average of this value is the energy per
cycle for A. Aurita swimming at Re = 300. We perform the same process for nutrient flux,
averaging nutrient consumption over each cycle after integrating the flux of nutrients over
time as described in Section 2.5 and shown on the right side of Figure 8.

11
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Figure 6. Forwarding swimming speed and vertical displacement for A. Aurita swimming at Re = 300. The fast
contraction period Py is marked in grey.
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Figure 7. Kinetic and Viscous power exerted by A. Aurita while swimming at Re = 300.

3.3. Comparing Energy, Feeding and Swimming Efficiencies

Having established the framework for analysing the bio-energetic trade-off, we now
compare the paddling behaviours of two commonly studied jellyfish species of interest.
For A. Aurita we set the dimensional length L, = 0.1 m and for C. Hemisphaerica, we use
L4 = 0.5 cm. We re-dimensionalise using the values of Table 2. For the expended energy
per cycle, both jellyfish paddling behaviours have energy expenditures per cycle that scale
roughly with frequency squared, marked by dashed lines in Figure 9. Velocity also increases
with swimming cycle frequency (Right side of 9), converging to a linear dependence in
frequency plotted in dashed lines. Physically, an increase in expended energy and velocity
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Figure 8. (Left Panel) Cumulative energy expenditure of A. Aurita while swimming at Re = 300. The blue line
represents the cumulative energy expended per swimming cycle. (Right Panel) Cumulative nutrient consumption
of A. Aurita while swimming at Re = 300. The blue line represents the cumulative nutrient consumption per
swimming cycle.
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Figure 9. Energy expended per cycle (left) and forward swimming speed (right) as a function of frequency
for A. Aurita and C. Hemisphaerica. The expended energy scales roughly with the square of frequency, and
the forward velocity scales roughly linearly with frequency, noted with dashed lines. Error bars indicate the
standard deviation in measured values over the averaged cycles.

is a reasonable observation, as a higher input of energy added to the fluid allows for a
greater momentum transfer of the fluid to the jellyfish.

The Strouhal number (St) is a commonly used dimensionless assessment for biological
locomotion efficiency. It represents the ratio of the product of propulsion frequency and
amplitude to forward swimming velocity. In general, lower values of St correspond to more
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Figure 10. Strouhal number comparison for A. Aurita and C. Hemisphaerica. Dashed green lines indicate the
optimal Strouhal number range of 0.2 < St < 0.4.

efficient periodic locomotion (Taylor et al. 2003). We use the following definition for the
Strouhal number

sp= 2dkd 3.1)
2vg4
The Strouhal number for both deformation patterns is shown in Figure 10. At higher
paddling frequencies, St tends to plateau, as viscous dissipation becomes less significant
and the forward velocity scales linearly with frequency.

We also examine the survivability regime for different paddling frequencies for both
examined frequencies. As discussed in Section 2.5, the energy obtained from nutrient
consumption must be greater than the sum of the expended energy from feeding and the
energy required for sustenance. Thus, the ratio of the energy gained to the energy expended
must satisfy the following

Egain Enife
> 1+ .
Eq Eq
In Figure 11 this survivability region is shaded in grey, and for both species, the feeding
efficiency at lower swimming frequencies falls below this index.

(3.2)

4. Discussion and Concluding Remarks
4.1. Swimming and Feeding Optimality

We assess the efficacy of applied paddling motions using the Strouhal number. Typically,
swimming and flying animals have 0.2 < St < 0.4, a range indicated in dashed green in
Figure 10 (Taylor et al. 2003). The prescribed motion for C. Hemisphaerica approaches
this biologically favourable range as the swimming frequency increases, suggesting that
the motion is consistent with naturally efficient propulsion. In contrast, the motion for A.
Aurita does not fully asymptote within this range, reaching a minimum value of St = 0.49.
While this is slightly above the typical biological range, it is not an unreasonable value and
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Figure 11. Survivability region for both species of jellyfish (A. Aurita left, C. Hemisphaerica right). The

coloured points represent the feeding efficiency —=— at various frequencies, and the shaded region is values

Eq
above 1 + F;;l‘;, indicating the region of jellyfish survivability. At both low and high paddling frequencies, the

feeding efficiency of the jellyfish becomes too low to remain in this region.

still indicates an evolutionarily viable paddling strategy. Nevertheless, this result suggests
that further optimisation of the deformation pattern could yield a more efficient, lower
Strouhal number.

In our bio-energetic framework, for a swimming motion to be feasible for jellyfish
survivability, the energy gained from feeding must exceed the total expended energy from
feeding and the energy required for sustenance. This is distinct from an optimisation of
feeding efficiency. In the absence of the Ejir. / E 4 term in Equation 3.2, the optimal strategy
for the jellyfish would be to minimise E;. This is the behaviour that we observe in Figure 11.
For both species, the feeding efficiency ratio Eg,in/E4 is maximised at lower frequencies.
In other words, a jellyfish that spends no energy sustaining itself feeds most efficiently by
staying completely still. However, because of the survivability requirement, the threshold
for surviving at such low paddling frequencies is higher than the feeding efficiency, making
this an unfeasible feeding strategy. On the other side of the spectrum, paddling at higher
frequencies becomes more expensive without netting an increase in feeding efficiency.
For C. Hemispherica, higher frequency paddling behaviours fall below the survivability
region, suggesting that these behaviours are not efficient enough for survival. We expect
the same to be true for higher frequency swimming of A. Aurita, as eventually the feeding
efficiency ratio Egyjn/Eq becomes less than 1 and is too low for survival.

While the simplicity of our model makes it difficult to make exact quantitative predic-
tions, Figure 11 does point towards robust qualitative trends for medusozoan feeding tactics.
We found a viable feeding region above a paddling frequency of 10~3 Hz for A. Aurita, and
combining this with the asymptotic behaviour of the swimming efficiency captured by the
Strouhal number in Figure 10, we find that a paddling frequency between 10~! Hz and 10!
Hz is an effective regime to optimise energy profit and swimming efficiency. The smaller
C. Hemisphaerica tend to favour higher frequencies, with a feeding survivability region
between 10! Hz and 10?> Hz based on Figure 11. Although higher paddling frequencies
are still energetically favourable for swimming based on our Strouhal number analysis, the
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increased energy expenditure above 10> Hz is not recovered by the energy gained from
nutrient consumption, making this frequency range unfavourable for survivability.

4.2. Outlook

Despite our simple model, our findings suggest a plausible bio-energetic basis for the
evolution of pulsed swimming in jellyfish. By highlighting how energetic and feeding
trade-offs shape the selection of swimming frequency, our study provides a foundation for
future work exploring species-specific strategies, ecological adaptation, and bio-inspired
locomotion.

Supplemental Materials Supplemental movies, showing contours of the vorticity and velocity fields for both
species swimming at a range of Reynolds numbers, are available at https://drive.google.com/drive/
folders/11PH80eYxqaRXBFWghA2ROYWqcg6Gq_4R?usp=sharing.
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Appendix A. Specific Prescribed Jellyfish Deformation

We define a deformation map in the material frame ¢ (X, t) which assigns the position of solid points in a frame
moving with the jellyfish. In this frame, the origin X = (0, 0, 0) remains fixed. The deformation is rotationally
symmetric around the z-axis.

We write ¢ (X, 7) as first a rotation onto the x-z plane, then as a combination of a rotation around the origin,
a translation, a second rotation, and a second translation. After the in-plane deformation is completed, we rotate
from the x-z plane back to the original azimuthal angle.

¢ (X.1) =R, (R Reo) (Rip)X —k) + Rak). (AD

Let X be the projection of X onto the x-z plane X = R ()X, where the rotation matrix R ) is given by

X

Y
= = 0
R, =sign (X) —Q’&—i % 0, o=VXZ+YZ (A2)
0o 0 1
The first rotation in this plane is R g,):
cos (61) 0 —sin (6;)
R = 0 1 0 (A3)
sin (6;) 0 cos (01)
T, -
0 = gsien (X)b(Z2)g (1) (A4)
MZ Z=>0
b(Z)= - . AS
) {0 o (A5)

b (Z) ensures that the deformation magnitude grows as we move in the negative z direction within the material
frame. g (¢) is a periodic function whose form we will discuss shortly. The vector k is a point along the jellyfish
bell with x position 0.8a.

k= (O.SSign (X)a,o,b(\/l ~0.8 - 1)) (A6)

The second rotation is given as follows

cos (6,) 0 —sin (6,)
Rey=| 0 1 0 (A7)
sin (6,) 0 cos (62)
H ~ Ps
61E%Msign(X)b(Z+kz)h(t—7f). (A8)

The time-dependent periodic functions g (#) and % () depend on the total cycle period P and the duration of
the fast contraction, Py < P.

® %+%sin(l,lf (mod(t,P)—%)), mod (7, P) < Py A9)
g(n= (
SN IS

h(t) =exp (— (Pif

P dt+P Py, P
— — mo = =Py,
2 2

2
)) (A 10)

g (1) is a sinusoidal function with a different frequency for the contraction and relaxation periods, and £ ()
is a periodic Gaussian function to impart non-reciprocally into the deformation.

Note that after we complete this deformation, we must translate the body in the Eulerian frame such that the
centre of mass position does not translate as a result of the deformation.
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Figure 12. Time dependence of deformation functions, g (¢) is plotted in green and & (z - %) is plotted in

purple. Note the sharp contraction period of length P for g (7).

Appendix B. Constraint-Based Framework for Prescribed Deformations

We briefly summarise the approach pioneered by Shirgaonkar ez al. (2009) for computing F (X, t) given a fixed
Lagrangian deformation velocity v, (X, ¢). In the lab frame, the velocity of the swimmer is augmented by rigid
translational v, (X, t) and rotational w; (X, ) X r (X, t) velocities, which, when added to v (X, t) return the
left-hand side of Equation 2.3.

oy (X,1)
ot
The radial vector r (X) = X — Xcoum is defined from the body’s centre of mass:

1
XCOM=/ VprSX’ Ms=/ dXps. (B2)
Uy, Ms Us

M is the mass of a swimmer with solid density ps. The body’s inertia tensor is given by

=vy (X,0) +v, (1) +ws (1) xXr (X). B1)

Z:/ dXps (r(X) - r(X)I-r(X)or (X)), B3)
Us

where I is the identity matrix. The translational and rotational momentum are defined as

Moy, (1) = / prSW B4)
S, (1) = / dXpor (X) x X XD (B5)
U. ot

s

Note that a necessary condition for free swimming is that the translational and rotational components of v (X, t)
are zero, such that moment is not being artificially added to the system. Given this, the deformation rate tensor
€ (v) = (Vv + V»T) must be zero for both the rigid translational and rotational portions of velocity.

e, (1) +ws (1) x 7 (X)) :e(% - (X,t)) = 0. (B6)
The constraint force density necessary to satisfy B 6 is
1
F(X.0)=3V- (V/l(X, 1+ Va(X, z)T) (B7)
A(X,t) =2 (X,1) - 2u'vs (X, 1), (BY)

where A (X, t) is a Lagrange multiplier used to enforce Equation B 6 (Shirgaonkar et al. 2009).
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Appendix C. Justification of Passive Nutrient Advection

The primary nutrient of A. Aurita jellyfish are mesozooplankton with a characteristic length of Lz ~ 0.1 mm
(Dawoodian & Sau 2021). The corresponding timescale for these nutrient particles is 7 = Z—",LZZ We compare

tz with the dimensional contraction frequency (Equation 2.7) to calculate the Stokes number Stk:

L 2
Stk:zzwd=2Re(—Z) . (o))
Ly

Taking a jellyfish bell radius of Ly = 0.1 m for A. Aurita, we find Stk = 0.02 at Re = 10°. So, for Reynolds
numbers below 10°, we can justify zooplankton flowing along velocity streamlines and following the advection
equation when modelling A. Aurita deformations. We take any nutrient self-locomotion in response to the
jellyfish’s fluid flow to be a second-order variation in advective transport.
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