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Jellyfish locomotion is a classic example of muscle-driven swimming that simultaneously7
results in propulsion and prey capture. In this study, we present a computational framework8
to examine the bio-energetic trade-off behind medusozoan paddling motions and nutrient9
consumption. Using the immersed-boundary method for fluid-structure interaction prob-10
lems, we simulate axisymmetric deformations for simplified jellyfish models inspired by11
Aurelia Aurita and Clytia Hemisphaerica. Across varying pulsating swimming frequencies,12
we quantify the energetic cost of swimming and energy gained from the feeding current13
to identify a frequency range where these jellyfish can sustain feeding while satisfying14
metabolic energy constraints. This provides us with a plausible explanation for the15
evolutionary fitness of specific feeding behaviour in medusozoa.16

1. Introduction and Motivation17

Jellyfish represent one of the earliest examples of active, muscle-driven locomotion18
in multicelled organisms, offering a valuable window into the evolutionary origins of19
swimming and predation. For a paddling jellyfish, propulsion and manoeuvring are20
achieved through coordinated active deformations of the flexible bell, which serves as the21
principal locomotive appendage (Demont & Gosline 1988). Each swimming cycle involves22
an active muscular contraction of this bell, followed by a passive elastic relaxation. During23
contraction, the jellyfish bell scoops inward, generating a rolling vortex ring at its edge.24
Upon relaxation, this vortex is shed downward, away from the bell, producing a thrust25
that propels the jellyfish forward while simultaneously dragging potential prey toward its26
feeding structures (Dabiri et al. 2020).27

Previous experimental and computational works have investigated the swimming me-28
chanics of paddling jellyfish, examining the effects of bell geometry, material properties,29
and kinematic patterns on propulsion efficiency and vortex formation (Colin & Costello30
2002; Dabiri et al. 2005, 2020; Hoover & Miller 2015). From an evolutionary and biological31
viewpoint, these swimming behaviours cannot be decoupled from feeding. Prey capture by32
a jellyfish is often characterised in two steps. First, the prey is detected via hydrodynamic33
signals, then it is passively captured through fluid momentum generated by the bell motion.34
In cruising medusozoa such as the common Aurelia Aurita, prey is advected by a feeding35
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current into the subumbrellar cavity towards oral arms or nearby nematocyst-bearing36
capture organs (Peng & Dabiri 2009; Dawoodian & Sau 2021).37

Recently Dawoodian & Sau (2021) offered a comprehensive view of how jellyfish swim38
and catch prey, using the three-dimensional simulations of jellyfish coupled with the39
Maxey-Riley equation to model active prey particles. They explored how prey trajectories40
depend on jellyfish morphology, paddling force, and resonant bell actuation, emphasising41
the hydrodynamic mechanisms underlying vortex formation and prey interception.42

Rather than asking only how jellyfish capture prey, we adopt a broader bio-energetic43
lens to ask why they select particular swimming and feeding strategies. We introduce a44
simplified model of the jellyfish that links the metabolic cost of paddling to the caloric gain45
from nutrient uptake, allowing us to maximise the net energetic profit-the energy harvested46
from food after expending the energy for locomotion and feeding. This new perspective47
recasts jellyfish behaviour in terms of evolutionary fitness and bio-energetic profitability.48
We utilise the framework to study two well-studied medusozoa species: the moon jellyfish49
Aurelia Aurita, and the much smaller Clytia Hemisphaerica, both a frequent subject of50
observational studies (Gemmell et al. 2013; Dabiri et al. 2020; Weissbourd et al. 2021).51

This paper is organised as follows. In Section 2, we explain the physical problem, the52
immersed boundary method, jellyfish parameters, observable calculation, and simulation53
software implementation. Section 3 presents our results, comparing swimming dynamics,54
energy expenditures, and feeding optimisation for deformation models inspired by A. Aurita55
and C. Hemisphaerica jellyfish models. Finally, Section 4 discusses our results and offers56
concluding remarks.57

2. Materials and Methods58

2.1. Continuous Equations of Motion for the Fluid-Structure Interaction Problem59

Aquatic locomotion is a coupled Fluid-Structure Interaction (FSI) problem. The swimming60
body’s motion impacts the surrounding fluid, whose momentum in turn propels the body.61
FSI problems are common in physics, engineering, and biological systems, and have62
been explored with a variety of computational frameworks. The immersed boundary (IB)63
method is a well-established FSI technique (Peskin 2002) which resolves solid points64
as a curvilinear Lagrangian mesh evolving through an Eulerian fluid grid. This method65
has been applied to a host of biological swimming problems in the low to intermediate66
Reynolds number regime, including lamprey swimming (Tytell et al. 2010; Patel et al.67
2018a), crustacean swimming (Zhang et al. 2014), and previous studies of medusozoan68
swimming (Hoover & Miller 2015; Hoover et al. 2021).69

The IB method couples fluid-body motion by adding source terms describing body forces70
to the equation for fluid momentum balance. The fluid’s effect on the body is imposed by71
a no-slip boundary condition at the solid boundary.72

Let x = „G� H� I” 2 S denote physical Cartesian coordinates on the Eulerian fluid73
grid, with S denoting the entire simulation domain. Let ^ = „-�.� /” 2 *B denote the74
Lagrangian material points assigned to the immersed structure, where *B represents the75
entire solid domain. The physical Eulerian position of the material point ^ at time C is76
given by the reference map function, 6 „^� C” 2 S. The governing continuous equations77
for the IB method are as follows:78
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u „x� C” is the fluid velocity field, ? „x� C” is the pressure field, d� is the reference fluid79
density, and ‘� is the reference fluid viscosity. Equation 2.1 is a momentum balance80
equation for an incompressible Newtonian fluid, where f „x� C” represents external forcings81
on the fluid field. Equation 2.2 is a statement of fluid incompressibility, and Equation 2.382
is a statement of the non-slip condition, requiring fluid velocities to match the velocity83
of the moving solid boundary. Equation 2.4 applies forces to the fluid field based on the84
solid body force density L „^� C”. Together, Equations 2.3 and 2.4 form the core of the85
immersed boundary method, describing how momentum is exchanged between the fluid86
and the solid: the former governs how the fluid moves the solid, and the latter how the solid87
exerts forces back on the fluid.88

2.2. Jellyfish Bell Geometry89

We utilise the same three-dimensional radially symmetric hemiellipsoid model for the90
jellyfish bell used in previous medusozoan simulation studies (Hoover et al. 2017, 2021;91
Dawoodian & Sau 2021). The bell shape is parametrised as follows92

-2 ‚ .2

02 ‚ „/ ‚ 1”
2

12 = 1 / � �1. (2.5)

0 is the radius of the jellyfish bell and 1 = 0�460 is the bell height, where the ratio of 093
and 1 is inspired by observations of the Aurelia Aurita jellyfish (McHenry & Jed 2003).94
A diagram of the undeformed jellyfish bell shape is shown in Figure 1. In our simulations,95
we model the bell as an infinitely thin shell, represented computationally by a single layer96
of immersed boundary points that define the surface of the bell.97

2.3. Model Parameters and Non-Dimensionalisation98

The Reynolds number is a dimensionless quantity used to assess the ratio of viscous and99
inertial forces acting on a fluid. To study the different jellyfish behaviour quantitatively, we100
introduce a frequency-based definition of the effective Reynolds number.101

Re =
d�0

‘

0A03

%
, (2.6)

where 0 is the jellyfish bell radius and 0A03 = 0�50 is the maximum radial contraction102
distance. % is the period of swimming cycles.103

Simulations were carried out for 24 total contraction periods to allow the jellyfish to104
accelerate to a steady periodic swimming state. Our reference parameters are summarised105
in Table 1.106

To recover dimensional quantities, we multiply reference parameters by the desired107
dimensional quantities. To find the dimensional frequency l3 of deformation cycles,108
velocity E3 and energy � 5 values we use109
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Parameter Symbol Value Dimension
Jellyfish Bell Radius 0 0.75 »!…

Jellyfish Maximum Bell Contraction 0A03 0�50 = 0�375 »!…
Jellyfish Bell Height 1 0�460 = 0�345 »!…

Deformation First Rotation Magnitude " varied
�
!�1�

Deformation Second Rotation Magnitude � varied
�
!�1�

Jellyfish Maximum Bell Contraction 0A03 0�50 = 0�375 »!…
Jellyfish Bell Height 1 0�460 = 0�345 »!…

Jellyfish Total Deformation Period % 0.14 »)…
Jellyfish Fast Contraction Duration % 5

0�3
1�3% � 0�0323 »)…

Fluid and Solid Reference Density d� = dB 1�0
�
"!�3�

Reference Fluid Viscosity ‘� varied
�
")!�1�

Concentration Field Initial Values 20 10
�
"!�3�

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

Parameter Symbol Value Units
Dimensional Fluid Viscosity ‘3 10�3 kgsm�1

Dimensional Fluid Density d3 103 kgm�3

A. Aurita Radius !
„��”
3

0�1 m
C. Hemisphaerica Radius !

„�� ”
3

0�005 m
Nutrient energy density U 8�47 � 106 Jkg�1

Nutrient density in fluid dfood 7�76 � 10�5 kgm�3

Metabolic Sustenance Energy for A. Aurita �
„��”
life 0.2044 J cycle�1

Metabolic Sustenance Energy for C. Hemisphaerica �
„�� ”
life 5�11 � 10�3 J cycle�1

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

l3 =
‘3

d3

Re
0�5!2

3

(2.7)

E3 =
!3

0
%l3E

� (2.8)

�3 =
d3

d�

�
!3

0

�5
„%l3”2 ��. (2.9)

d3 and ‘3 are the dimensional output densities and viscosity, respectively. E� and �� are110
reference velocities and energies obtained as outputs to our simulation. The dimensional111
parameters utilised in our work are summarised in Table 2.112

2.4. Modelling Nutrient Concentration113

To model the nutrient flux of nutrient particles into the jellyfish, we advect a concentration114
field 2 „x� C” in tandem with the fluid velocity field. We assume that nutrient particles are115
small and dilute enough in comparison to the jellyfish such that they have no impact on116
the surrounding fluid and can be modelled with pure fluid transport. More details on this117
assumption can be found in Appendix C.118

The concentration field 2 „x� C” is governed by the following evolution equation119
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Figure 1. (Top) Jellyfish geometry cross section at C = 0 viewed along the G-axis. The sink region ( „C” is shown
in orange. (Bottom) The three-dimensional bell shape is formed by rotating this cross-section around the I-axis,
with the sink region ( „C” forming a thin cylinder around the top of the bell region.

(
m2 „𝒙�C ”
mC
‚ u „x� C” � r2 „x� C” = 0 x 2 S

2 „x� C” = 0 x 2 ( „C”
. (2.10)

( „C” is a thin cylindrical region modelling the mouth of the jellyfish, which moves as the120
jellyfish swims. In this region, the concentration field is zero, representing the jellyfish’s121
capture of incoming nutrients. The sink region is centred around the jellyfish’s centre of122
mass in the lab frame 6�$" „C” = 6 „^�$" � C”:123

(„C” =

8>><>>:x 2 R3

������


�x � 6�$" „C”� � � �

x � 6�$" „C”
�
� ẑ

�
ẑ


 � 0

3�� �x � 6�$" „C”� � ẑ�� � 0�10

9>>=>>; . (2.11)

ẑ is a unit vector in the I direction. In the top panel of Figure 1, we present a jellyfish bell124
cross section with the sink region ( „C” shaded. The bottom panel of Figure 1 presents the125
radially symmetric three-dimensional bell geometry. We initialise the concentration field126
to have a constant value everywhere at C = 0, 2 „x� 0” = 20.127

2.5. Computing Observables128

We are interested in comparing the nutrients consumed by the jellyfish and the energy129
expended to perform this feeding. The energy expenditure is measured by calculating the130
total energy transfer from the jellyfish into the fluid domain. This is given by the time131
integral of the power input by the jellyfish into the fluid due to the jellyfish’s motion:132

��expended „)” =

„ )

0
3C %�input, %�input = %�kinetic ‚ %

�
diss. (2.12)
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The kinetic and dissipated power are obtained by integrating over the simulation domain:133

%�
kinetic =

¹

S
3x

1
2

d� m
mC

¹u ¹x– Cº � u ¹x– Cºº (2.13)

%�
diss =

¹

S
3x 3 ¹x– Cº : r u ¹x– Cº . (2.14)

where3 ¹x– Cº = 2� 1
2 ` � &¹u ¹x– Cºº is the 
uid stress tensor for a viscous Newtonian 
uid.134

The quantity of nutrients consumed in time) , � � ¹) º, is found by integrating the relative135

upward 
ux of nutrients through the bottom of the mouth region. We must compute the136


ux relative to the jelly�sh's centre of mass motion to account for the jelly�sh's swimming137

velocity, and we only want to calculate the 
ux from below to represent the jelly�sh feeding138

by pulling nutrients into its mouth from below the bell region, not by swimming forward139

into a nutrient-rich region. Furthermore, we only integrate this 
ux in time when the 
ux140

is positive. A negative 
ux represents a local 
uid velocity that is less than the centre of141

mass velocity. This is physically equivalent to nutrients moving too slowly to reach the142

jelly�sh's mouth, not the jelly�sh returning nutrients to the 
uid, which would decrease143

� � ¹) º.144

� � ¹) º =
¹ )

0
3Cmax

�
0–

¹

mB¹Cº
3� 2 ¹x– Cº

�
u ¹x– Cº � ¤6 �$" ¹Cº

�
� ẑ

�
(2.15)
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�
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 �
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�

�
� �

x � 6 �$" ¹Cº
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� ẑ
�

ẑ



 �

0
3�

x � 6 �$" ¹Cº
�

� ẑ = � 0•10

)

. (2.16)

� � ¹) º is a measure of nutrient consumption, not the net energy gain from feeding. We145

both dimensionlise� � ¹) º and multiply by a conversion factorU. U represents the energy146

obtained per unit food consumed.147

� gain ¹) º = 0•7 � U� ¹) º (2.17)

� =
�
! 3

0

� 3 dfood

20
� � . (2.18)

We useU = 2•5 kcalg� 1 based on a survey of zooplankton energy densities performed by148

Barroetaet al. (2017). The factor of 0•7 assumes a 70% assimilation energy e�ciency for149

medusozoa (Paulyet al. 2008). For the dimensional nutrient density, we usedfood = 5•91150

` gm� 3, from studies of global mesozooplankton densities (Moriarty & O'Brien 2013).151

To survive, the energy obtained from feeding should be greater than the total energetic152

cost of feeding, including both the mechanical energy expended during feeding,� 3 , and153

the baseline metabolic energy requirement,� life , necessary to sustain bodily functions.154

Ideally, the surplus energy should be optimised to support growth and reproduction in155

addition to survival.156

� gain ¡ � 3 ¸ � life . (2.19)
We approximate� life for theA. AuritaandC. Hemisphericabased on a survey of oxygen157

consumption ofA. Aurita(H•ohnet al.2017) and the wet mass of these jelly�sh (Hanet al.158
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2009). We use� ¹ �� º
life = 0•2044 J cycle� 1 for A. Auritaand� ¹� � º

life = 0•511 mJ cycle� 1 for159

C. Hemispherica.160

2.6. Prescribed Jelly�sh Deformation161

Equations 2.1-2.4 are entirely self-contained except for the solid force density �eldL ¹^ – Cº162

whose form we are free to specify. In general, there are two common approaches to163

constructingL ¹^ – Cº:164

1.De�ne a stress tensorf ¹^ – Cº within the solid region and computeL ¹^ – Cº = r �f ¹^ – Cº165

as the divergence of this stress.f ¹^ – Cº is composed of an active prescribed element and166

an elastic element that is a function of the solid deformation.167

2.Prescribe a deformation velocityvB ¹^ – Cº to the immersed solid and determine the force168

densityL ¹^ – Cº required to enforce this motion within the 
uid.169

Although jelly�sh possess inherently elastic and deformable bodies, we adopt the second170

approach, which is more often used for rigid swimmers like �sh or eels (Patelet al.2018b).171

Instead of solving for internal elastic forces to compute deformations, we prescribe the bell172

motion directly, based on empirical observations of swimming jelly�sh. Since our focus173

is not on the mechanics of muscle contraction or elasticity, we e�ectively let the observed174

kinematics account for the internal force balance, bypassing the need to model it explicitly.175

This allows us to simplify the computation by removing the elastic dynamics from the176

simulation entirely.177

The bene�t of this approach is precise control over jelly�sh deformations. Because our178

study is focused on understanding the 
uid and nutrient 
ow in response to these motions179

rather than modelling the internal biomechanics which create them, explicitly simulating180

the elastic response is unnecessary and would only introduce complexity without adding181

insight to our work. We summarise the mathematical formulation for calculating the force182

density �eld L ¹^ – Cº from a prescribed deformation in Appendix B.183

We base the deformation model on swimming observations ofAurelia Aurita(McHenry184

& Jed 2003). To incorporate the e�ects of passive energy recapture (Gemmellet al.2015),185

we design each swimming cycle to include a rapid contraction phase followed by a longer186

relaxation phase. Because we examine swimming and feeding behavior across a range187

of Reynolds numbers, the applied deformation must be viable even in the low-Reynolds-188

number regime. In this regime, propulsion requires non-reciprocal motion; symmetric189

forward and backwards strokes cancel due to the time-reversible nature of viscosity-190

dominated 
ows (Purcell 1977).191

To achieve non-reciprocal motion, we construct the deformation with two modes: a192

primary mode that bends the entire paddling arm, scaled by a parameter" , and a secondary193

mode that deforms only the arm's tip, scaled by a second parameter� . Increasing"194

produces a stronger initial rotation around the arm's base, while increasing� enhances the195

curvature at the tip, amplifying the \scooping" e�ect of the deformation. By introducing a196

phase o�set between these two modes, we break time-reversal symmetry and ensure that197

propulsion is possible even at low Reynolds numbers.198

The time-dependence of the deformation is controlled by the total period%and the199

contraction duration%5. The jelly�sh actively contracts for a time%5, then passively200

relaxes back to its resting shape over the remaining period. Based on empirical observations201

of A. Aurita swimming (McHenry & Jed 2003), we set%5 = 0•3
1•3%. A full description of202

the deformation model is provided in Appendix A.203

We implemented two species-inspired deformation patterns based on the swimming204

kinematics ofA. Aurita andC. Hemisphaerica. Both deformations achieve a maximum205

radial contraction of0rad = 0•50, but di�er in morphology.A. Aurita exhibits a more206

7
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Figure 2.Deformation patterns inspired byAurelia AuritaandClytia 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" = 4, � = 9; the right panel (C.
Hemisphaerica) uses" = 5•5, � = 2.

pronounced scooping motion, whileC. Hemisphaericahas a greater vertical displacement207

with less bend in the paddling arm. ForA. Aurita, we used" = 4, � = 9; for C.208

Hemisphaerica, we used" = 5•5, � = 2. A cross-sectional slice of the axisymmetric209

deformation is shown in Figure 2. The full 3D shape is generated by rotating this slice210

about theI -axis to create a radially symmetric contraction. The orange dotted line in Figure211

2 traces the tip of the paddling arm throughout the cycle. Notably, this trajectory encloses212

an area, indicating that the forward and backwards paths are not equivalent and that the213

deformation is non-reciprocal.214

2.7. Software Implementation215

This numerical method was implemented using IBAMR, a parallelised implementation216

of the IB method that includes Adaptive Mesh Re�nement (AMR) (Gri�thet al. 2007;217

IBAMR 2025). IBAMR makes use of several open source libraries, including SAMRAI218

(Hornunget al. 2006; SAMRAI 2025), PETSc (Balayet al. 1997; PETSc 2025), and219

HYPRE (Falgout & Yang 2002; HYPRE 2025). The computational domain was taken to220

be a rectangular prism with one corner located at
�
� 80–� 80–� 128

3 0
�

and the opposite221

corner at
�
80–80–64

3 0
�
. The jelly�sh was initiated at the origin¹0–0–0º and we used222

periodic boundaries along theI -axis direction and �xed Dirichlet boundaries for theGand223

Hdirections. The domain was adaptively re�ned with a smallest grid spacing ofJG= 0
32.224

Note that the large domain size in relation to the characteristic length scale0 results in225

only very minor interactions between the jelly�sh and the imposed boundary conditions.226

3. Results227

3.1. Swimming Dynamics228

We consider the forward swimming dynamics for the two deformation patterns applied to229

the jelly�sh. Simulations were performed over a wide range of Reynolds numbers, from230

Re = 0•1 to Re= 105. For each simulation, we tracked the forward swimming velocity231

as the velocity of the jelly�sh centre of mass along theI -axis direction, and the forward232

displacement as theI -coordinate of the centre of mass.233
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Figure 3.Visualisation ofA. Auritaswimming 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 velocityDI , and the bottom
panel displays the concentration �eld.

The top panel of Figure 3 shows the out-of-plane vorticityl GduringA. Auritaswimming234

at Re= 100. During the contractive period, the movement of the bell generates a vorticity235

layer near the bell surface. During relaxation, the bell expands and generates a stopping236

vortex that spins in the opposite direction of the starting vortex. This vortex is pushed237

downwards, away from the jelly�sh's bell and results in forward motion. We also show238

contours of the magnitude of the vorticity �eld in Figure 4 forA. Aurita swimming at239

Re = 1000, where vortex rings are more persistent than in the Re= 100 case due to240

reduced viscous dissipation. Supplemental Movies 1-12 show contours of the vorticity241
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