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ABSTRACT

Robotic platforms inspired or enabled by aquatic organisms have the potential to
augment conventional technologies for ocean exploration, enabling a more thorough
understanding of the impacts of climate change. We present a biohybrid robotic jel-
lyfish that leverages direct stimulation of live Aurelia aurita jellyfish muscle tissue
via implanted microelectronics. We conduct swimming experiments using a 3D-
printed passive mechanical attachment to streamline the jellyfish shape and enhance
payload capacity. A six-meter-tall, 13,600-liter saltwater facility was constructed to
enable testing of the vertical swimming capabilities of the biohybrid robotic jellyfish.
We found that the combination of external swimming control and the addition of the
mechanical forebody resulted in an increase in swimming speeds to 4.5 times natural
jellyfish locomotion while carrying a payload volume of up to 105% of the jellyfish
body volume. In order to measure the energy consumption of free-swimming jel-
lyfish in this facility, we developed a physiological method based on laser-scanned,
3D morphological reconstructions of the animal. Computer vision-based feedback
control was used to enable continuous swimming against a flow current for 50 hours
without encountering the vertical limits of the tank. Changes in animal volume,
measured with reconstructions, were converted to energy consumption using the
body chemical composition. Free-swimming, electrically stimulated animals were
found to consume 2.5 times more energy than similarly stimulated animals in a
constrained environment. Simplified drag models could not fully account for the
increased energy consumption. Swimmer biomechanics and energetics cannot be
fully understood independently of the surrounding flow field. We experimentally in-
vestigated the increased energy consumption using three-dimensional, full velocity
field Particle Image Velocimetry to simultaneously study wake energy, momentum,
and animal biomechanics. We found electrical stimulation increased posterior wake
energy loss by a factor of 2.9 compared to unstimulated jellyfish, primarily due to
heightened pulse rates. Stimulation was also found to modify swimming biome-
chanics by reducing total bell margin movement and relaxation duration. Together,
these results demonstrate that biohybrid robotic jellyfish can achieve substantial per-
formance enhancements while revealing the hydrodynamic and energetic tradeoffs
associated with electrically controlled swimming. This platform offers a scalable
and efficient tool for ocean exploration and provides new insight into the fluid
dynamics and energetics of jellyfish locomotion.
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4.3 Laser scanning system for 3D-3C PIV. (A) Diagram of laser scan-

ning system with laser, galvanometer rotating at 10 Hz, 250 mm

diameter condenser lens to redirect the laser normal to the scanning
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C h a p t e r 1

INTRODUCTION

1.1 Ocean exploration

The ocean contains the majority of the habitable volume on earth, and many of

its habitats and species remain largely unexplored (Ramirez-Llodra et al., 2010).

The acceleration of climate change is leading to increasing ocean warming, acid-

i�cation, and deoxygenation, which poses a danger to biodiversity and associated

ocean resources (Levin and Le Bris, 2015). Recognizing these impacts, the United

Nations has declared 2021-2030 the �United Nations Decade of Ocean Science for

Sustainable Development" in an e�ort to galvanize ocean exploration (Ryabinin

et al., 2019). Less than 80% of the ocean has been explored, with basic properties

such as depth known for only 18% of the ocean at a resolution of 1 km (Wöl� et al.,

2019). These knowledge gaps motivate more comprehensive ocean exploration at

timescales relevant to climate change (Benway et al., 2019).

A variety of robotic technologies for ocean exploration have resulted in signi�cant

advances in ocean science (Yuh, Marani, and Blidberg, 2011; Zereik et al., 2018).

For example, remote sensing platforms such as uncrewed aerial vehicles and satel-

lites have been used to produce high resolution maps of sensitive marine habitats

(Ventura et al., 2018) and to study important physical characteristics such as salinity

(Reul et al., 2014) and temperature (Parker, Folland, and Jackson, 1995). However,

these technologies are limited in the achievable depth of observations by water tur-

bidity and solar illumination (Kavanaugh et al., 2021). Deep-sea tools, including

gliders (Rudnick, 2016), sea�oor-mounted buoys (Favali and Beranzoli, 2006), and

autonomous underwater vehicles, (Sahoo, Dwivedy, and Robi, 2019) can explore

to signi�cant depths, but mission duration is often limited by battery capacity. The

sheer size of the ocean, comprising more than 1.3 billion cubic kilometers (Charette

and W. H. F. Smith, 2015), challenges the cost-e�ective scaling of these technologies

for comprehensive ocean coverage (Zereik et al., 2018).

Robotic vehicles comprised entirely of mechanical components have increasingly

been inspired by the demonstrated performance of aquatic animals, with the goal

of improving robotic vehicle propulsive e�ciency and range. For example, an

acoustically controlled soft robotic �sh was developed to observe aquatic animal
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behavior with minimal disruption (Katzschmann et al., 2018). However, this robot

required an accompanying human diver, thereby limiting operating depths to those

safe for human diving. A benthic walking robot demonstrated locomotion along

the sea�oor and geological sediment sampling using a shovel (Picardi et al., 2020).

While valuable for benthic exploration, this and similar robots are limited to the

sea�oor due to their inability to swim. A soft snail�sh-inspired robot demonstrated

swimming locomotion at a depth of 10,900 m (G. Li et al., 2021). This work

presented a novel method for electronics hardening by distributing the electronics in

a polymeric matrix, but power consumption limited swimming to 45 minutes. Each

of the aforementioned examples demonstrates the emerging capabilities of robotic

mimics of aquatic organisms; however, the performance envelope of live aquatic

animals in the ocean has not yet been realized by these approaches.

A di�erent strategy, biologging, embeds sensor tags on live animals such as pin-

nipeds (Carter et al., 2016), sea turtles (Cuevas et al., 2008), and jelly�sh (Mooney

et al., 2015; Fossette et al., 2016) and records measurements of the aquatic en-

vironment as the animals locomote naturally through the ocean. Biologgers can

be used to study ocean characteristics such as salinity, temperature, and oxygen

distribution using conductivity-temperature-depth instruments, oxygen probes, hy-

drophones, and other sensors (Chung, J. Lee, and W. Y. Lee, 2021). However, the

timing and locations of the measurements are uncontrolled and limited to the path

of the tagged animal.

1.2 Biohybrid robotics

Biohybrid robots have the potential to combine the control of fully mechanical

robotic platforms and the swimming performance envelope of live aquatic animals to

achieve the goal of comprehensive ocean exploration. Proof-of-concept of biohybrid

robotic control has been achieved in a variety of organisms, including beetles (Sato

et al., 2009), cockroaches (Sanchez et al., 2015), hawkmoths (Bozkurt, F Gilmour,

and Lal, 2009), tissue-engineered rays (S.-J. Park et al., 2016), and jelly�sh (Nawroth

et al., 2012). Some biohybrid robots have also made use of biofuel cells to power

onboard electronics (Matic et al., 2014; Shoji et al., 2016) and to do sensing for insect

swarms (Romano, 2023). By utilizing biological locomotion, biohybrid robotics

can potentially capitalize on the e�ciency and adaptability of existing biological

organisms. Biohybrid robotics have signi�cant potential but so far have largely

been con�ned to proof-of-concept and have not yet been deployed as platforms for

science.
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This thesis investigates jelly�sh as a platform for biohybrid robotic sensors that

can access the full ocean, including its deepest regions. Jelly�sh are naturally

occurring in a diverse range of oceanic environments, including tropical (Jennifer E.

Purcell, 2012) and polar regions (Jennifer E. Purcell et al., 2010), and span depths

from surface level to those exceeding 10,800 meters (Gallo et al., 2015). They are

also tolerant to hypoxic conditions below 1 mg O2 per liter (J. E. Purcell, 2007),

in contrast to �sh, who avoid levels below 2 to 3 mg O2 per liter. In terms of

locomotion, jelly�sh are the most energy e�cient of all known metazoans, with a

cost of transport 3.5-fold lower than even e�ciently swimming �sh such as salmon

(Gemmell, Costello, et al., 2013). We focus primarily on the jelly�sh species Aurelia

aurita (Linnaeus, 1758).

1.3 Jelly�sh for ocean exploration

Jelly�sh have previously been used as biologgers to investigate their ecology and

behavior (Mooney et al., 2015; Fossette et al., 2016). Previous work has also

demonstrated that live jelly�sh swimming can be controlled by external electrical

stimulation from an implanted microelectronic device (Nicole W. Xu and John O.

Dabiri, 2020). When swimming contractions were stimulated at approximately

0.6 Hz, jelly�sh were observed to swim up to 2.8 times the baseline swimming

speed without the swim controller. These increased speeds required only an esti-

mated twofold increase in energy expenditure, implying a concomitant increase in

propulsive e�ciency during external swimming control.

Although previous work demonstrated the feasibility of external control of jelly�sh

swimming frequency and quanti�ed associated performance gains (Nicole W. Xu

and John O. Dabiri, 2020; Nicole W. Xu, Townsend, et al., 2020a), key gaps remain

in the development of the biohybrid jelly�sh robot as a research platform for ocean

science. As the most e�cient metazoan (Gemmell, Costello, et al., 2013), studying

the locomotion strategies of jelly�sh for use in ocean exploration can also illuminate

new insights into �uid dynamics and biomechanics.

1.4 Ethics of electrical muscle stimulation

In consideration of the ethics of the aforementioned robotic manipulations, the

authors of that work collaborated with bioethicists to establish a framework for

responsible implementation of these techniques (Nicole W Xu, Lenczewska, S.

Wieten, et al., 2020; Nicole W Xu, Lenczewska, S. E. Wieten, et al., 2025; Nicole

W Xu and John O Dabiri, 2024). This framework suggests consideration of the
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4 "Rs" of reduction, replacement, re�nement, and reproducibility, which we have

utilized in this thesis. It is important to note that the jelly�sh genus that is the

focus of this work, Aurelia, lacks a central nervous system and nociceptors, and

therefore lacks the capacity to sense pain (E. S. J. Smith and Lewin, 2009). While

they have a known mucosal stress response, this was not observed to occur in any

prior experiments using external swimming control.

1.5 Aims and objectives of this dissertation

This thesis addresses several key scienti�c questions underlying the large-scale

deployment of biohybrid robotic systems for ocean exploration. We utilize a variety

of experimental techniques and computational methods to investigate both the limits

of the biohybrid system and the physics, �uids, and physiology of jelly�sh.

Chapter 2 investigates the ability of biohybrid robotic jelly�sh to carry scienti�c

payloads and the possibility of strategically placing these payloads to reduce drag

on the swimming animals. The ability to carry scienti�c sensors is vital to the

practicability of using biohybrid jelly�sh as ocean-going sensors. Aurelia aurita

jelly�sh are oblate species with �at exumbrellar surfaces. This chapter investigates

how changing the shape of the exumbrellar surface a�ects swimming performance.

In previous work, assessment of swimming performance was limited to tests either

in a 2-meter-tall laboratory water tank (Nicole W. Xu and John O. Dabiri, 2020) or in

a coastal marine environment (Nicole W. Xu, Townsend, et al., 2020a). Swimming

performance over longer vertical distances consistent with the envisioned deep ocean

measurements has not been characterized. Finally, while natural jelly�sh boast a

low cost of transport (Gemmell, Costello, et al., 2013), this performance is achieved

despite a body shape that is not naturally streamlined.

Long duration swimming at high speeds could enable biohybrid jelly�sh to traverse

large areas of the ocean as well as swim to the depths of the abyssal region. Chapter

3 describes the development of a 13.6 m3 vertical water treadmill for continuous

swimming experiments. This facility is utilized for swimming experiments where

jelly�sh swim for more than two km over the course of two days. Simultaneous

measurements using a new laser-scanning technique enable physiological energy

consumption measurements throughout these experiments.

Chapter 4 investigates the origin of the change in energy consumption observed

during the free-swimming experiments in Chapter 3. A single camera system

for three-dimensional, three-component Particle Image Velocimetry is deployed
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for simultaneous swimming kinematics measurements. These experiments seek

to understand the impact of pulse rate and onboard electronics on hydrodynamics

and energy consumption while advancing our understanding of the capabilities of

biohybrid robotic jelly�sh.
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C h a p t e r 2

ELECTROMECHANICAL ENHANCEMENT OF LIVE
JELLYFISH FOR OCEAN EXPLORATION

The contents of this chapter have been adapted from Anuszczyk & Dabiri (2024),

published in Bioinspiration and Biomimetics under the title "Electromechanical

enhancement of live jelly�sh for ocean exploration". As the �rst author, Simon

Anuszczyk made the primary contributions towards the experiment design, data

acquisition, analysis, and writing. Co-author John Dabiri contributed to the con-

ceptualization of the study, funding acquisition, analysis and interpretation of the

results, and feedback on the manuscript.



7

Abstract

The vast majority of the ocean's volume remains unexplored, in part because of

limitations on the vertical range and measurement duration of existing robotic plat-

forms. In light of the accelerating rate of climate change impacts on the physics

and biogeochemistry of the ocean, the need for new tools that can measure more

of the ocean on faster timescales is becoming pressing. Robotic platforms inspired

or enabled by aquatic organisms have the potential to augment conventional tech-

nologies for ocean exploration. Recent work demonstrated the feasibility of directly

stimulating the muscle tissue of live jelly�sh via implanted microelectronics. We

present a biohybrid robotic jelly�sh that leverages this external electrical swimming

control, while also using a 3D printed passive mechanical attachment to stream-

line the jelly�sh shape, increase swimming performance, and signi�cantly enhance

payload capacity. A six-meter-tall, 13,600-liter saltwater facility was constructed to

enable testing of the vertical swimming capabilities of the biohybrid robotic jelly�sh

over distances exceeding 35 body diameters. We found that the combination of ex-

ternal swimming control and the addition of the mechanical forebody resulted in an

increase in swimming speeds to 4.5 times natural jelly�sh locomotion. Moreover,

the biohybrid jelly�sh were capable of carrying a payload volume up to 105% of

the jelly�sh body volume. The added payload decreased the intracycle acceleration

of the biohybrid robots relative to natural jelly�sh, which could also facilitate more

precise measurements by onboard sensors that depend on consistent platform mo-

tion. While many robotic exploration tools are limited by cost, energy expenditure,

and varying oceanic environmental conditions, this platform is inexpensive, highly

e�cient, and bene�ts from the widespread natural habitats of jelly�sh. The demon-

strated performance of these biohybrid robots suggests an opportunity to expand the

set of robotic tools for comprehensive monitoring of the changing ocean.
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2.1 Introduction

We investigate for the �rst time the feasibility of simultaneous electrical and mechan-

ical modi�cation of live jelly�sh as biohybrid robotic platforms. The mechanical

modi�cation comprises the addition of a passive forebody to streamline the natu-

ral jelly�sh body shape while also facilitating a signi�cant payload capacity. The

performance of the electromechanically modi�ed jelly�sh is tested in a specially

constructed six-meter-tall, 13,600-liter saltwater facility where the jelly�sh can be

observed swimming over distances up to 35 body diameters. These measurements,

combined with an analytical model of the swimming dynamics, enable optimization

of the design of the biohybrid jelly�sh robots.

2.2 Methods and Materials

Animal husbandry

We conducted long-distance swimming experiments with # = 3 jelly�sh of diam-

eters 31 = 16•0 � 0•5 cm, 32 = 16•5 � 0•5 cm, and 33 = 18•0 � 0•5 cm and �ow

visualization experiments with 1 jelly�sh of diameter 34 = 19•0 � 0•5 cm. Utilizing

jelly�sh of varying geometries allowed us to draw broader conclusions about the

applicability of this study to a range of animals. Aurelia aurita were obtained from

Cabrillo Marine Aquarium (San Pedro, CA, USA) and housed in a 453-liter pseu-

dokreisel tank (Jelliquarium 360, Midwater Systems, Thousand Oaks, CA, USA).

The tank was �lled with arti�cial seawater made from sea salt (Instant Ocean Sea

Salt, Spectrum Brands, Blacksburg, VA, USA) and deionized water balanced at 35

parts per thousand (ppt) and kept at 21� C. The jelly�sh were hand-fed twice daily

with live Artemia franciscana brine shrimp (Hatching Shell-Free Brine Shrimp

Eggs E-Z Egg, Brine Shrimp Direct, Ogden, UT, USA). Brine shrimp were hatched

every other day in aerated hatchery cones of arti�cial seawater heated to 28� C for

24 hours, then transferred to beakers at 21� C. Brine shrimp were fed PHYTO-Feast

(Reef Nutrition, Reed Mariculture Inc., Campbell, CA) and enriched with SELCO

(Self-Emulsifying Lipid Concentrate, Brine Shrimp Direct, Ogden, UT, USA). The

animals' care was in accordance with institutional guidelines.

System architecture

Figure 1(a) shows the biohybrid robot electronics schematic and all components.

The aspect ratio of the forebodies is de�ned as �' = �•�, where � is the forebody

height and � is the maximum forebody diameter. The system comprises the jelly�sh

bell (1), the 3D-printed 2•50 � 0•03 cm diameter electronics housing containing the
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swim controller and battery (2), the two electrodes embedded in the jelly�sh muscle

tissue (3), a wooden pin attaching the electronics to the jelly�sh (4), a 3D-printed

hemi-ellipsoid with �' 1 = 0•31�0•01 (5), a hemi-ellipsoid with �' 2 = 0•66�0•01

(6), and a hemi-ellipsoid with �'3 = 1•00 � 0•01 (7). Figure 1(b) is a sample image

of a jelly�sh biohybrid robot with an attached �'3 forebody swimming in a lab

saltwater tank.

Figure 2.1: Fig 1. Hardware schematic.
(A) Biohybrid robot schematic with 5 cm scale bar (horizontal black line). H
and D are the height and diameter used to calculate the aspect ratio, �' = �•�.
1. Jelly�sh bell. 2. Housing with 2•50 � 0•03 cm diameter containing swim
controller and battery. 3. Electrode embedded in muscle tissue. 4. Wooden
pin attaching electronics to jelly�sh. 5. Polylactic acid 3D printed forebody with
�' 1 = 0•31 � 0•01. 6. Forebody with �' 2 = 0•66 � 0•01. 7. Forebody with
�' 3 = 1•00 � 0•01. (B) Jelly�sh biohybrid robot with attached hemi-ellipsoid with
�' 3. This image has been digitally manipulated to remove re�ections and outline
the animal body in black.

Components and fabrication

The electronics were based on previous work (Nicole W. Xu and John O. Dabiri,

2020) and consisted of a TinyLily processor (TinyCircuits, Akron, OH, USA) and

a 15 mAH lithium-polymer battery cell (PGEB181118, PowerStream Technology

Inc., Orem, UT, USA) enclosed in a custom 2•50 � 0•03 cm diameter 3D printed

housing printed on a resin printer for waterproo�ng at high pressure (Form 3,

Formlabs, Somerville, Massachusetts). The housing utilized a male threaded base

and a female threaded cap compressing a face-sealed soft Buna-N O-ring with food-

safe O-ring grease. Silver wire coated in per�uoroalkoxy was threaded through

small holes in the housing and connected to platinum rods (A-M Systems, Sequim,
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WA, USA) embedded in the animal muscle tissue to create two electrodes. The holes

were sealed with adhesive, and an LED was connected in series to each electrode to

provide visual con�rmation of stimulation as shown in Figure 1(b).

Hemi-ellipsoid forebodies were designed with a density gradient such that the ante-

rior portion, the bottom as shown in Figure 1(b), was more dense than the posterior

portion. Perturbations from vertical swimming, either due to endogenous swim-

ming contractions by the animal or external �uid disturbances, were resisted by

the passive restoring torque created by the position of the center of gravity below

the center of buoyancy. Hence, the biohybrid robot was constrained to swim in

the vertical direction, as envisioned for vertical ocean pro�ling. Concavity at the

forebody-animal interface created a close �t against the exumbrellar bell surface.

The forebodies were 3D printed out of PLA (Polylactic Acid) on an X1 Carbon

printer (Bambulab, Shenzhen, China) and coated with 2-part epoxy resin for water-

proo�ng. After drying, a hole was drilled into the forebody at the interface with

the animal to create a press �t for the wooden rod as shown in Figure 1(a) item 4.

The forebodies were ballasted to maintain 0•01 � 0•01 grams positive buoyancy in

saltwater at 35 ppt.

Flow visualization experiments

Flow visualization experiments to observe the e�ect of the forebody streamlining

were conducted in a 1.2 m by 0.5 m by 0.5 m tank �lled with arti�cial seawater at 35

ppt and seeded with 13 micron silver-coated hollow glass particles (SH400S20, Pot-

ters Industries, Carlstadt, NJ, USA). The biohybrid robot swam down through a laser

sheet generated by a 671 nm continuous wave laser (5-Watt LRS0671 DPSS Laser

System, Laserglow Technologies, North York, Ontario, Canada) shone through a

250 mm diameter condenser lens and a sheet forming optic. A high speed camera

normal to the laser sheet recorded at 125 frames per second with a shutter speed of

1•200 seconds, a resolution of 1024x1024 pixels (FASTCAM SA-Z, Photron USA

Inc., San Diego, CA, USA), and a �xed focal length macro lens (Micro-NIKKOR

105 mm with a 36 mm extension tube, Nikon, Tokyo, Japan). The images were

processed in MATLAB (MathWorks, Natick, MA, USA) by stacking every third

frame for 50 frames. In each frame, the biohybrid robot was translated to the lo-

cation in the previous frame such that the biohybrid robot was motionless. This

manipulation transformed the video into the biohybrid robot frame of reference,

and consequently, the observed particles traced out pathlines as in a long exposure

image. This process was repeated for the biohybrid robot without the forebody and
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with the �' 3 forebody con�guration to compare the streamlining e�ects.

Long-distance swimming experiments

A 6 m tall, 13,600 liter saltwater facility was constructed for testing jelly�sh biohy-

brid robot swimming performance. This 6 m by 1.6 m by 1.4 m, or 13.4 m3, vertical

tank was �lled with arti�cial seawater balanced at 35 ppt and held at 21� C (�gure

2). The facility has a 151 liter per minute continuous �ltration pump, which turns

over the entire system water volume every 90 minutes. This pump was turned o� at

least 2 hours before beginning experiments to allow residual currents to dissipate.

The facility has three acrylic windows on each of three sides, spanning the width

of the tank. A digital camera (GoPro HERO9 Black, GoPro Inc., San Mateo, CA)

recording at a resolution of 3840x2160 pixels was used to record videos of the

jelly�sh biohybrid robot swimming trials. The camera was centered horizontally at

a height of 1.8 m from the base of the tank and set back 2.1 m from the front. A

100 watt LED �oodlight illuminated the tank from below through a porthole on the

bottom of the tank.

While salinity and temperature were carefully matched between the pseudokreisel

and this facility, the jelly�sh were also acclimated by slowly introducing water from

this facility to the jelly�sh for 30 minutes in a 5 gallon bucket. Each jelly�sh was

then transferred to a glass bowl and equipped with the electronics by inserting the

wooden pin through the stomach of the jelly�sh and embedding both electrodes into

the muscle tissue on opposite sides of the bell margin. The jelly�sh was transferred

into the saltwater facility, and the appropriate forebody was mounted to complete

the biohybrid robot. A slack polymer string with a 0.3 mm diameter was tied onto

the electronics housing to facilitate recovery. The biohybrid robot was positioned

horizontally in the center of the tank to avoid contacting the walls and released

to begin swimming. Swimming data from the middle 2 m section of the tank

was used in order to ensure the animal had reached a constant average swimming

speed, and to avoid the hydrodynamic impact of the tank bottom. Post-processing

of the measurements con�rmed that the biohybrid robot reached a constant average

swimming speed for all forebody con�gurations before entering the region of interest

in the middle 2 m section of the tank. The sequence of forebody aspect ratio tests

was randomized to minimize any systematic biases associated with a drift in animal

swimming performance over the course of the swimming trials. Each forebody

con�guration was tested 3 times for a total of 12 trials per biohybrid robot. Between

each trial, the biohybrid robot was retrieved using the polymer string, and the tank
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was allowed to return to quiescence for 10 minutes before beginning the next trial.

Experiments were conducted with all 3 jelly�sh over 2 days.

Figure 2.2: Fig 2. Saltwater vertical tank facility.
The saltwater vertical tank facility used in the long-distance swimming experiments
measured 6 m tall by 1.6 m by 1.4 m, or 13,600 liters, shown here with a human
for scale. Biohybrid jelly�sh swimming trajectories were recorded with a digital
camera placed at a height of 1.8 m from the base of the tank and a horizontal distance
of 2.1 m from the face of the tank.

Post-processing used a combination of a custom MATLAB tracking program and

a commercial motion tracking software (Blender Foundation, Amsterdam, Nether-

lands) to track the jelly�sh. The MATLAB tracking program assigned a tracking

box around the biohybrid robot and used the centroid of the box to calculate biohy-

brid robot swimming speeds. The average swimming speed per trial was computed

based on the slope of a linear regression of the measured swimming distance versus

time. The best-�t line exhibited an R-square value of 0•9894 � 0•0141, indicating

the appropriateness of a linear regression. To determine instantaneous velocities

during each trial, Blender was used to track the location of a point chosen near

the centroid of the biohybrid robot. This tracking method better reproduced the

intracycle speed changes as the jelly�sh biohybrid robot contracted and relaxed
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but was not able to track the jelly�sh without a forebody. Blender position data

was imported into MATLAB, where velocities were calculated as �nite di�erences.

Horizontal velocities were assumed as proxies for out-of-plane velocities, and all 3

components were taken into account for all calculations. Intracycle speed changes

were found with a program in MATLAB that identi�ed peaks and valleys in the

speed trace and calculated the di�erence from a peak to the closest valley. Average

speeds for both programs were the same. The steady-state swimming speed for each

trial was characterized by a drag coe�cient �� , corresponding to the measured

terminal velocity with scaling coe�cients, D = 0•1417 ¸ 0•0225
p

1•� � where D is

the observed speed.

The forebody drag coe�cients �� , used in calculating the streamlining coe�cient,

( = �;>6¹� � º, were found by conducting drop tests of the forebodies. Forebodies

of the same form factor as those used in our experiments but at a higher in�ll density

were printed out of PLA such that they were negatively buoyant. These forebodies

were attached to a slack polymer string with a 0.3 mm diameter for ease of recovery,

submerged at the top of the vertical tank, and released to sink at terminal velocity.

These experiments were recorded using the same GoPro camera setup and post-

processing methods as described above. The coe�cients of drag �� were found

using the drag equation (Batchelor, 2000) which after accounting for buoyancy,

becomes

� � =
26¹< 5 � + 5dF º

dF ( 5D2
(2.1)

where 6 is the acceleration of gravity, <5 is the mass of the forebody, +5 is the

volume of the forebody, dF is the density of saltwater, (5 is the frontal surface

area of the forebody impacting the �ow, and D is the terminal velocity at which the

forebody falls. Each forebody was tested three times, and the average velocity was

used to calculate ��–1 = 0•93 � 0•05, � �–2 = 0•52 � 0•03, and � �–3 = 0•17 � 0•01

where the error is the standard deviation of all three trials. The drag on the jelly�sh

without a forebody was approximated as a �at plate with ��–0 = 1•12 (Hoerner,

1967).

Kinematics Model

We derived a �rst-principles physics-based kinematics model for our biohybrid robot

by extending previous models (Daniel, 1983; McHenry and Jed, 2003; Nicole W.

Xu and John O. Dabiri, 2020) to predict the performance of biohybrid robots with
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various payload and animal geometries. Starting with a force balance from Newton's

second law

Õ
� = < '

mD
mC

(2.2)

where
Í

� is the sum of the forces, <' is the combined mass of the biohybrid

robot, D is the swimming speed, and C is time. The thrust of the biohybrid robot )

is assumed to oppose drag � and the unsteady acceleration reaction �2

) � � � �2 = < '
mD
mC

(2.3)

with the forces given as

) =
dF

� BD1
¹
3+'

3C
º2 (2.4)

� =
1
2

� � dF ( ' D2 (2.5)

�2 = U< '
mD
mC

(2.6)

where dF = 1•024 g/cm3 is the density of saltwater at 35 ppt and 21� C, � BD1

is the subumbrellar opening area of the jelly�sh, +' is the instantaneous volume

of the biohybrid robot, �� is the coe�cient of drag calculated above, (' is the

instantaneous frontal surface area of the biohybrid robot, and U = ¹�•Aº1•4 is the

added mass coe�cient where � is the bell height and A is the bell radius. We de�ne

+' = + 5 ¸ + 0 ¸
3E
3C

C (2.7)

( ' = ( 5 ¸ ( 0 ¸
3
2�

3E
3C

C (2.8)

where +5 is the volume of the forebody, (5 is the frontal surface area of the forebody,

the relaxed volume of the jelly�sh +0 = 2•3c�A 2, the relaxed frontal surface area

of the jelly�sh ( 0 = cA2, the change in volume 3E = +4G+0 with a constant volume

exchange of +4G, change in time 3C = C2 during contraction and 3C = CA during

relaxation. Substituting these equations back into the force balance leads to
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dF

� BD1
¹
3+'

3C
º2 =

1
2

� � dF ( ' D2 ¸ ¹1 ¸ Uº< '
mD
mC

(2.9)

which was solved for D in MATLAB using the ODE45 function. Jelly�sh geometry

was measured to experimentally determine � and A for each jelly�sh, and video

analysis led to approximate contraction and relaxation times of C2 = 0•5 and CA = 1•5

respectively.

2.3 Results

We modi�ed the shape of the exumbrellar surface of the natural jelly�sh by attaching

additively manufactured hemi-ellipsoids of various aspect ratios to the apex of the

animals (see Methods). As in prior work (Nicole W. Xu and John O. Dabiri, 2020),

the jelly�sh swim muscles, which are located on the subumbrellar surface, were

stimulated with two electrodes to produce regular contractions at 0.5 Hz with a 3.7-

volt, 10-ms square wave. The biohybrid robot is ballasted to create a slight positive

buoyancy and a horizontal restoring torque, constraining the animals to swimming in

the vertical direction. This positive ballasting ensured that the observed downward

swimming could be attributed only to the active animal swimming and not to the

passive dynamics of the attached mechanical forebodies.

Flow visualization experiments

We �rst studied the hydrodynamics of the biohybrid robot in a 1.2-m tall, 300 liter

saltwater tank to investigate the hydrodynamic impacts of the mechanical forebodies

on the local �ow around the jelly�sh. Time-lapse images of 13 micron, neutrally

buoyant tracer particles showed that the addition of hemi-ellipsoids of increasing

aspect ratios streamlines the �ow around the biohybrid robots (�gure 3; see also

Supplementary Movies 1 and 2). Speci�cally, comparison of the tracer particle

pathlines illustrated the reduction in �ow re-direction at the apex of the biohybrid

robots relative to the natural jelly�sh (yellow arrows). While the total lateral diver-

sion of �ow is the same in the two cases, i.e., directing �ow around the maximum

body width at the bell margin, the passive forebody achieves this diversion in a more

gradual fashion. It was anticipated that the larger lateral diversion of �ow at the

apex of the natural jelly�sh shape would lead to greater drag than on the streamlined

forebodies.
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Figure 2.3: Figure 3. Comparison of �ow streamlining with and without passive
mechanical forebody.
Jelly�sh biohybrid robot with and without attached hemi-ellipsoid forebody. Cyan
arrows indicate downward swimming direction of the animals. Yellow arrows
highlight areas of �ow diversion and demonstrate �ow disturbance before (A) and
after (B) addition of streamlined passive mechanical forebody (outlined in red dashed
curve). White scale bar in each panel indicates 5 cm. In panel (B), � is the
forebody height and � is the maximum forebody diameter. In both panels, the
�ow visualization was created by superimposing several consecutive images, each
shifted spatially so that the jelly�sh appears stationary while particles trace pathlines
around the animal.

Long-distance swimming experiments

To test the impact of the streamlining on swimming performance, the natural jelly�sh

and biohybrid robots were tested in a new 6 m tall, 13,600 liter saltwater facility

built for free-swimming experiments (see Methods for facility description). Figure

4(a) shows a 30-second swimming speed trace (i.e., swimming distance of 6.2 body

diameters) of the swimming biohybrid robot showing speed peaks during the jelly�sh

bell contraction phase and troughs during bell relaxation. The swimming speed

oscillated with each contraction and relaxation, and eventually reached a steady

state average swimming speed. A spectral analysis of the swimming speed trace

shows that the animal responded to external electrical stimulation by contracting at

the 0.5 Hz stimulation frequency (�gure 4(b)). Figure 4(a-b) was made using the

Blender tracking program.

We tested the stimulated jelly�sh biohybrid robot without a forebody and with the

addition of three di�erent hemi-ellipsoid forebodies of increasing aspect ratio (see
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Figure 2.4: Figure 4. Example swimming speed measurements of biohybrid
robot.
(A) Contraction and relaxation cycles show example 30-second swimming speed
trace (i.e., swimming distance of 6.2 body diameters) of biohybrid robot with 18
cm animal and attached forebody �'3. (B) Frequency spectrum analysis con�rms
animal response to external stimulation at 0.5 Hz. Semi-transparent band represents
a tracking error of �5 pixels.

Methods). A total of # = 3 di�erent animals were tested with bell diameters of

31 = 16•0 � 0•5 cm, 32 = 16•5 � 0•5 cm, and 33 = 18•0 � 0•5 cm. Each forebody

con�guration was tested 3 times in a randomized order to ensure that trends in

forebody performance were not a�ected by any drift in animal performance over

time. Sample biohybrid robot trajectories with and without the addition of a hemi-

ellipsoid forebody �' 3 are shown in Figures 5(a) and 5(b), respectively (see also

Supplementary Movies 3 and 4). The images in Figure 5 are equally spaced at

intervals of 6.67 seconds and show a zoomed-in view of the middle one-third of the

total height of the facility. An orange scaling dropline was marked every 1.5 meters

to provide a reference length scale. The spatial intervals between images of the

animal in Figure 5(b) are larger than those in Figure 5(a), qualitatively illustrating

the faster swimming speed of the biohybrid robot with the addition of the streamlined

mechanical forebody.

The biohybrid robot swimming speed was found to increase with the aspect ratio of

the forebody, with the largest increase occurring between �'0 (i.e., no forebody) and

�' 1. Figure 5(c) plots the normalized biohybrid robot swimming speed (in body

diameters per second) versus streamlining coe�cient, ( (see Methods). Swimming
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Figure 2.5: Figure 5. Measurements of swimming speed in six-meter vertical
saltwater facility.
Sample biohybrid robot trajectories at 6.67-s intervals for the biohybrid robot without
mechanical forebody (A) and with mechanical forebody �'3 (B). Larger spacing
between robot images in panel (B) qualitatively illustrates faster swimming speed.
Zoomed-in image shows middle one-third of height of facility. Orange dropline is
marked every 1.5 m. White scale bar indicates 20 cm. (C) Normalized biohybrid
robot speed increases with streamlining coe�cient (S) demonstrating impact of
streamlined forebodies. Each color represents one animal with diameters listed in
the legend; transparent band represents � 1 standard deviation, calculated based
on the three trials at each point. (D) Enhancement factor compares swimming
performance of biohybrid robot to same stimulated jelly�sh without mechanical
forebody. Maximum enhancement factor corresponds to 61% increase in swimming
speeds or a combined increase from electrical and mechanical enhancement to 4.5
times typical unstimulated jelly�sh locomotion.

speeds increased in direct proportion to the streamlining coe�cient, reaching a

plateau for the most streamlined forebodies. This plateau is likely due to the

counteracting impacts of increased streamlining, inertia, and unsteady added mass.
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While larger forebodies have smaller �� values, they also displace signi�cantly

more mass and limit the ability of the biohybrid jelly�sh robot to accelerate during

the contraction phase. Diameter-normalized swimming speeds were observed to

be larger for the larger jelly�sh, likely re�ecting a greater propulsive capacity to

translate the mechanical forebodies downward against their positive buoyancy.

We also compared the swimming performance of each biohybrid robot to the same

jelly�sh without a mechanical forebody (�gure 5(d)). The maximum enhancement

factor (i.e., performance ratio relative to swimming without a forebody), which

occurred for the mechanical forebody with the largest streamlining coe�cient, i.e.,

�' 3, corresponded to an increase in swimming speeds of up to 61%. Across all

cases, we observed an average increase in swimming speed of 38% � 22%. The

performance plateau observed in Figure 5(c) for the most streamlined forebodies

persists here, and the change in enhancement factor between forebodies �'2 and

�' 3 is not statistically signi�cant. In light of prior work demonstrating an increase

of up to 2.8 times the swimming speed of natural jelly�sh (Nicole W. Xu and John

O. Dabiri, 2020), the present results suggest that the combined electromechanical

enhancement could enable an overall increase in swimming speeds to more than 4.5

times natural, unstimulated jelly�sh locomotion. Figure 5(c-d) was made using the

MATLAB tracking program.

The addition of mechanical forebodies adds inertia to the biohybrid robotic system

proportional to the volume of displaced water. The largest forebody corresponds to

an increase in the mass by <3 = 271•04 � •05 grams of payload and a volume of

105% � 1% of the animal body volume. Figure 6(a) plots the intracycle swimming

speed range in body diameters per second vs ( of all 24 trials of the biohybrid

robot with the three forebodies. With increasing streamlining coe�cient (, the

intracycle swimming speed range of the biohybrid robot decreased. Figure 6(b)

illustrates that the forebody mass increased in direct proportion to the streamlining

coe�cient, which explains the concurrent reduction in intracycle swimming speed

range. Speci�cally, because the biohybrid robot swam in a highly unsteady motion

as shown in Figure 6(a), the additional inertia changed the swimming dynamics.

Figure 6(a) was made using the Blender tracking program.

We developed a theoretical model of the biohybrid robot swimming dynamics to

further investigate the dependence of the swimming performance on the forebody

geometry and properties as well as the animal swimming behavior (see Methods).

Figure 7(a) compares an example predicted swimming speed trace (blue) and mea-
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Figure 2.6: Figure 6. Intracycle swimming speed range and forebody inertia
versus streamlining coe�cient.
(A) Intracycle swimming speed range decreases with streamlining coe�cient ( due
to increased inertia of the hemi-ellipsoid forebody. Error bars indicate � 1 standard
deviation of intracycle speed throughout each trial. A small, random variability
is added to the x-axis to help distinguish each of the data points. (B) Forebody
mass increases with streamlining coe�cient (. The largest tested forebody weighed
< 3 = 271•00 � •05 grams in air.

surements from swimming tests using the mechanical forebody �'3 over 5 body

contraction cycles. The model generally captures the trends in both swimming

speed and intracycle speed range versus forebody mass (�gure 7(b)). The overlayed

data in Figure 7(a-b) was made using the Blender tracking program. While the

model predicted a decrease in the intracycle swimming speed range with increasing

forebody mass, it underestimated the quantitative decrease observed between the

�' 2 and �' 3 cases. We speculate that this might be due to a change in the e�ective

coe�cient of drag of the combined biohybrid robotic system with the �'3 forebody,

given its smaller absolute drag coe�cient.

Pooling the measurements from all 3 animals tested in these experiments, we ob-

served a plateau in the average speed between the �'2 and �' 3 cases. This plateau

is qualitatively consistent with a scaled version of the terminal velocity equation,

i.e., it indicates that performance at high swimming speeds is likely limited by the

terminal velocity of the mechanical forebody. In sum, the model generally captures

the biohybrid robot dynamics and may therefore be used to extrapolate to larger

jelly�sh and di�erent forebody geometries in the future.
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Figure 2.7: Figure 7. Validation of theoretical model of biohybrid robot per-
formance.
(A) Model prediction (blue) and empirical measurement (orange) of biohybrid
robot swimming speed for �'3 forebody over 5 body contraction cycles. (B) Model
prediction (blue) and empirical measurements (orange) of decrease in intracycle
swimming speed range with increased forebody mass. Error bars indicate � 1 stan-
dard deviation of the 3 trials at each point. (C) Terminal velocity plateau model
prediction (blue) matches empirical measurements (orange) of average swimming
speeds over all animals and all trials for each forebody con�guration. Error bars
indicate � 1 standard deviation of all trials.

2.4 Discussion

We have presented the electromechanical enhancement of a biohybrid jelly�sh

robot for ocean exploration through the addition of streamlined, passive forebodies.

We demonstrated the ability to travel at speeds up to 4.5 times baseline jelly�sh

swimming speeds while carrying a payload of more than 270 grams in a volume of

105% of the jelly�sh volume. The �ow around the biohybrid robot was examined

using time-lapse pathline visualization to demonstrate local streamlining e�ects,

and biohybrid robot swimming performance was investigated in a custom 6 m

tall saltwater facility that enabled testing of swimming over distances signi�cantly

longer than prior studies. The addition of a payload was found to decrease intracycle

acceleration, which may facilitate more precise onboard measurements in cases

where unsteady platform motion should be minimized. By utilizing live animals

and their ability to extract chemical energy from the water column via feeding,

this approach has the potential to eliminate most of the battery power typically

required for underwater propulsion, instead leveraging and controlling the jelly�sh
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locomotion. This suggests an opportunity to expand the set of biohybrid robotic

tools for ocean exploration.

While this work has focused on maximizing the swimming speed of the biohybrid

jelly�sh robots, it has not considered the associated metabolic costs of this increased

performance. Previous work investigated the metabolic costs of natural jelly�sh and

found low muscle mass of less than 1% of body mass, resulting in low metabolic

rates and a cost of transport lower than other animals (Gemmell, Costello, et al.,

2013). Previous work on biohybrid jelly�sh also found that increased swimming

performance was not penalized by proportional increases in energy expenditure; in

fact, the externally stimulated biohybrid jelly�sh swam more e�ciently than their

natural counterparts (Nicole W. Xu and John O. Dabiri, 2020). However, energy

expenditure experiments have not been conducted for freely swimming biohybrid

robotic jelly�sh due to the challenges presented by the animals low respiratory rates

combined with large volumes of water required for free-swimming, resulting in

imperceptible changes in oxygen concentration. Understanding the metabolic costs

of the biohybrid jelly�sh robot is important to developing a complete understanding

of the increased performance. Future work will aim to address this knowledge

gap using a combination of �ow measurements and respirometry. Longer-term

experiments on timescales relevant to ocean exploration (i.e., weeks to months

in duration) will be necessary to con�rm the sustainability of the performance

observed here, while continuing to ensure the long-term well-being of the jelly�sh.

Finally, jelly�sh in these experiments swam vertically to focus on vertical pro�ling

applications in the ocean. Future work will extend the maneuverability of the

biohybrid robotic jelly�sh to enable three-dimensional exploration.

The demonstrated ability to carry payloads could be utilized to investigate a variety

of ocean science questions. Figure 8 explores some of the ways in which the mass

and volume of the largest �'3 hemi-ellipsoid forebody could be used to further

ocean exploration. Several commercial o�-the-shelf (COTS) wildlife trackers are

shown in red, which include di�erent combinations of sensors for parameters such

as temperature, depth, light, and accelerometers for motion tracking (ORI400, Little

Leonardo, Tokyo, Japan; MINIPAT, Wildlife Computers Inc, WA, USA; Daily Di-

ary, Wildbyte Technologies Ltd, Swansea, United Kingdom). The forebody could

instead be utilized as a large battery (power sources shown in orange), which could

power the biohybrid robot for up to 22 weeks using a disposable 101.6 watt-hour

lithium-metal battery (Bradley et al., 2001) or from 11 to 22 weeks using other
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Figure 2.8: Figure 8. Utilizing biohybrid robotic jelly�sh payload capacity for
ocean science.
Demonstrated payload mass and volume capacity (i.e., blue boundaries) can be
utilized for a variety of ocean science and exploration applications. COTS wildlife
trackers with a variety of sensors are shown in red; power sources with approximate
duration powering current electronics in yellow; CTD sensors shown in purple; and
chemical probes in green. Filling the forebody with a lithium metal battery could
power the biohybrid robot for more than 22 weeks.

battery types (Bradley et al., 2001; Manthiram, 2017). The relatively high energy

density of lithium batteries could be exploited to preserve additional volume for less

dense scienti�c payloads. For example, an onboard conductivity-temperature-depth

(CTD) sensor, such as those shown in purple, could provide salinity and temperature

measurements to inform ocean science models. Several COTS CTDs (LeveLine-

MINI, AQUAREAD, Broadstairs, England; NBOSI CT, Neil Brown Ocean Sensors

Inc., East Falmouth, MA, USA) could be accommodated within the forebody vol-

ume, as could a custom CTD with tracker from previous work (Mooney et al.,

2015). The biohybrid robot could also be used for ocean chemistry pro�ling (shown

in green) by embedding a dissolved oxygen (DO) probe (Kit-103DX, Atlas Scien-

ti�c, Long Island City, NY, USA), or to study ocean chemical plumes using a pH

probe (ENV-20-pH, Atlas Scienti�c, Long Island City, NY, USA). While currently

too large to �t into the forebody volumes tested in this work, a CO2 probe to aid in

the understanding of carbon distribution in the ocean may �t in a future forebody de-

sign (CO2 probe, Aquams, Maxeville, France). Deploying a combination of a larger

battery and embedded sensors could power the biohybrid jelly�sh robot for several

weeks of exploration while recording using onboard sensors. Future work will
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continue to optimize this platform for longer deployment durations and additional

scienti�c sensors. This versatility enables a wide variety of possible ocean science

and exploration initiatives, including improving ocean science models, investigat-

ing the concentrations of dissolved carbon dioxide, and studying the distribution of

marine life in the ocean.

Future work could also investigate jelly�sh behavior while undergoing stimulation.

This could include studying potential changes in feeding behavior with embedded

electronics, as well as probing for changes after stimulation terminates, and studying

tissue healing around embedded electrodes over long time scales. There also exists

an opportunity to study biohybrid robot jelly�sh interactions with wild jelly�sh

through the �eld of animal-robot interactions (Romano et al., 2019).

This biohybrid robot itself can be fabricated for approximately $20 plus the cost

of the jelly�sh, which can be procured from local aquaria or collected from the

ocean. Fabrication of the robot utilizes consumer-grade 3D printers and manu-

facturing methods without specialized equipment. Production and deployment of

these robots can be easily scaled. This accessibility of the technology can democ-

ratize ocean exploration and make it feasible to deploy swarms of biohybrid robots

for comprehensive ocean exploration on timescales commensurate with a changing

ocean.
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Abstract

Measuring energy consumption of marine organisms often requires enclosing the an-

imal in a sealed chamber of similar volume to quantify changes in oxygen concentra-

tion of the surrounding water. This method limits measurements of free-swimming

organisms without boundary e�ects or movement restrictions. We present energy

consumption measurements of free-swimming jelly�sh based on 3D morpholog-

ical reconstructions of the animal during the process of catabolysis utilizing a

non-invasive technique. We used a 6-meter tall, 13,600 liter water tank for swim-

ming experiments without food present in the water column. To study continuous

swimming, we implemented an onboard microelectronic swim controller that exter-

nally stimulated jelly�sh swimming for 50 hours. Computer vision-based feedback

control was used to enable continuous swimming against a �ow current without

encountering the vertical limits of the tank over a distance of 2.55 km or 15,000

body lengths. Using a 3D laser scanning system, we created morphological recon-

structions of the jelly�sh before, during, and after swimming experiments. Changes

in animal volume were converted to energy consumption using the body chemi-

cal composition determined with elemental analysis. Free-swimming, electrically

stimulated animals were found to consume 2.5 times more energy than similarly

stimulated animals in a constrained environment, likely due in part to additional

hydrodynamic drag associated with free-swimming. Simpli�ed drag models could

not fully account for the increased energy consumption. This highlights the need

for hydrodynamic models that more e�ectively capture these dynamics. These mea-

surements suggest that this technique could be applied more broadly to measuring

free-swimming metabolic rates of other gelatinous invertebrates.
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3.1 Introduction

Energy sourcing, consumption, and allocation are vital to maintaining life. Mea-

suring energy consumption enables the prediction of an organism's performance

and contributes to the characterization of survival, �tness, and phenology (Groot,

Trueman, and Bates, 2024). Thus, accurate energy consumption measurements are

important not only for understanding physiology but also organismal biology more

broadly. A variety of techniques have been developed to measure the metabolism

of marine organisms. The most common of these techniques, respirometry, mea-

sures the respiratory rate, which is a metabolic measurement of oxygen consumption

commonly used as a proxy for energy consumption. Respirometry comprises three

main techniques, each with associated bene�ts and drawbacks (Svendsen, Bushnell,

and Ste�ensen, 2016). Closed system respirometry encloses the animal in a tank,

generally of a similar size as the animal, and measures the decreasing oxygen con-

centration in the water as the animal respires (Keys, 1930). These systems are simple

and ubiquitous, but avoiding hypoxic e�ects and the buildup of organic waste in the

chamber limits experimental duration. Flow-through respirometry instead provides

a continuous �ow of water through the chamber and measures the di�erence in

oxygen concentration at the inlet and outlet to calculate oxygen consumption. While

this technique minimizes hypoxic e�ects, concerns of sensor issues, mixing, and

waste buildup due to imperfect mixing persist. Finally, intermittent-�ow respirom-

etry combines periods of closed system respirometry with �ushes of the chamber

to eliminate both hypoxic e�ects and the buildup of waste (Svendsen, Bushnell,

and Ste�ensen, 2016). However, all of these methods rely on changes in oxy-

gen consumption measurable above background noise. In practice, each requires

comparatively small experimental chambers, which introduce other confounding

variables such as movement restriction and accompanying animal stress (Ikeda et

al., 2000).

Other techniques attempt to avoid the limitations of small experimental chambers by

studying animal energy consumption in situ. Doubly labeled water is the standard

technique for terrestrial organisms and involves introducing hydrogen and oxygen

isotopes to the animal whose elimination rates are then measured. However, this

technique is not applicable to marine organisms due to high body water turnover rates

making elimination rate measurements infeasible (Treberg et al., 2016). Bioteleme-

try, including electromyogram sensors and accelerometry, has been used to indirectly

estimate energy consumption. These techniques are most applicable to large �sh due

to tag size and generally do not control for di�erent types of activity. Like doubly
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labeled water, isotopic trace turnover methods such as carbon isotopes consumed

through feeding are valuable for energy consumption measurements. However,

these techniques require extensive validation before application to measure decay

curves for each species (Treberg et al., 2016). Vertebrates have calcium carbonate

structures known as otoliths as part of the vestibular system. As the otolith grows

with the animal, mineral layers are deposited in accordance with both environmental

conditions and metabolic conditions. In bony �shes, the otolith-isotope method can

identify metabolic rates through animal dissection and analysis. This method usually

involves euthanizing the animal, limiting ongoing studies; gelatinous zooplankton

have no similar structures for analysis (Groot, Trueman, and Bates, 2024). Although

these techniques enable energetic measurements in more realistic free-swimming

environments, their accompanying limitations make them unsuitable for gelatinous

zooplankton.

Here, we develop, characterize, and implement a non-invasive technique that over-

comes these limitations by inferring the energy consumption of free-swimming

Aurelia aurita jelly�sh medusae based on changes in body volume due to catabol-

ysis. Catabolysis is the process by which an organism breaks down tissue when

deprived of nutrients. Decreases in size during periods of catabolysis have been

documented in many marine organisms, including �shes (Gingerich, Philipp, and

Suski, 2010; Einen, Waagan, and Thomassen, 1998; Simpkins et al., 2003), �at-

worms (Gambino et al., 2024), and jelly�sh (Lilley et al., 2014; Arai, 1986; Ishii

and Båmstedt, 1998; Z. Fu et al., 2014). Previous work has shown starving Aurelia

aurita jelly�sh mass decreases by up to 13.4% per day (Ishii and Båmstedt, 1998),

and some work predicts a derived respiratory carbon demand of more than 17% per

day (Bondyale-Juez et al., 2022). One study inferred metabolic rates from average

mass changes of Aurelia aurita ephyrae to estimate the respirometry rate. However,

this study relied on euthanasia as part of their protocol for measuring animal mass,

limiting the applicability of this technique (Z. Fu et al., 2014). Recent developments

in volumetric (3D) laser scanning enable detailed 3D reconstructions of gelatinous

zooplankton (M. K. Fu, Houghton, and John O. Dabiri, 2021; Daniels, Sainz, and

Katija, 2023). This allows for measurements of changing body size due to catabol-

ysis while in situ, which can be converted to energetic consumption rates (Harris,

1999).

One important confounding variable in energetics is the activity level of the animal.

Jelly�sh pulse rate, and thus metabolism, varies signi�cantly based on environmental
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conditions and animal morphology (Tills et al., 2016; Dillon, 1977; McHenry

and Jed, 2003). In order to control this variable, we utilized onboard electrical

stimulation (Nicole W. Xu and John O. Dabiri, 2020) to �x the animal pulse rate at

a de�ned frequency across animals and throughout the duration of the test.

In this paper, we �rst describe the calibration and validation of the volumetric

measurements obtained from the 3D laser scanning technique with wet weight

measurements. Volumetric changes due to catabolysis detected by the laser scan-

ning system were related to respiratory rate using established relationships in the

literature and veri�ed against closed-system respirometry measurements for both

naturally swimming and electrically stimulated swimming. We conducted body

composition measurements to inform this relationship. This technique was then

utilized for free-swimming measurements of electrically stimulated jelly�sh. Test-

ing over swimming durations greater than 15,000 body lengths enabled assessment

of long-term changes in metabolism during catabolysis. We compared these mea-

surements against predictions from a physics-based energetics model and basal

metabolism experiments.

3.2 Materials and Methods

Animal husbandry

Aurelia aurita medusae were obtained from Cabrillo Marine Aquarium (San Pedro,

CA, USA) and Aquarium of the Paci�c (Long Beach, CA). They were housed in a

453 liter pseudokreisel tank (Jelliquarium 360, Midwater Systems, Thousand Oaks,

CA, USA). The tank was �lled with arti�cial seawater mixed with sea salt (Instant

Ocean Sea Salt, Spectrum Brands, Blacksburg, VA, USA) and deionized water at 35

parts per thousand (ppt) and kept at 21°C. The jelly�sh were hand-fed twice daily

with live Artemia franciscana brine shrimp (Hatching Shell-Free Brine Shrimp

Eggs E-Z Egg, Brine Shrimp Direct, Ogden, UT, USA). Brine shrimp were hatched

every other day in aerated hatchery cones of arti�cial seawater heated to 28°C for

24 hours, then transferred to beakers at 21°C. Brine shrimp were fed PHYTO-Feast

(Reef Nutrition, Reed Mariculture Inc., Campbell, CA) and enriched with SELCO

(Self-Emulsifying Lipid Concentrate, Brine Shrimp Direct, Ogden, UT, USA).

Laser scanning for volumetric reconstruction

Volumetric reconstructions of the jelly�sh were created using a single-camera laser

scanning system (Fig. 1A). This system used a 671 nm continuous laser (5 W

Laserglow LRS0671 DPSS Laser System) and a series of optics to generate a
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Figure 3.1: Laser scanning system for volumetric reconstructions. (A) Diagram
of laser scanning system with laser, galvanometer rotating at 10 Hz, 250 mm diameter
condenser lens to redirect the laser normal to the scanning direction, cylindrical
glass rod to form the laser beam into a thin sheet, water tank, and jelly�sh. As
the laser scanned across the jelly�sh, a high speed camera recorded an image
stack, or "volume", of 600 slices every 0.1 s. (B) A representative 3D volumetric
reconstruction of a live jelly�sh. (C) Closed system respirometry setup used to
validate laser scanning technique. Jelly�sh oxygen consumption was measured
using an O2 probe and temperature probe over time in a sealed chamber. Figure
adapted with permission from M. K. Fu, Houghton, and John O. Dabiri (2021).

scanning laser sheet. The optics consisted of a mirror mounted on a rotating

galvanometer (Thorlabs GVS211/M, 10 kHz bandwidth) controlled with an arbitrary

function generator (Tektronix AFG3011C) to sweep across the volume of inquiry

at 10 Hz; a 25 cm diameter condenser lens to redirect the laser normal to the

scanning direction; and a cylindrical, 16-mm diameter glass rod used to form the

laser beam into a thin sheet. The laser sheet was set to sweep normal to its plane

across a distance of 11.7 cm. A high-speed camera recording at 6000 fps (Photron

FASTCAM SA-Z) thus captured 600 1024 x 850 pixel or 22.5 x 18.7 cm 2D images

for each scan. A custom MATLAB code was written to reconstruct the jelly�sh from

these image stacks. The code identi�ed the jelly�sh and performed binarization,

thresholding, and morphological opening and closing operations to create a detailed

reconstruction (Fig. 1B).
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Validation of volumetric reconstruction

Experiments were performed to characterize the accuracy and precision of the laser

scanning technique. To measure the relationship between volumetric reconstructions

and wet weight of jelly�sh, 10 jelly�sh were scanned and weighed to compare wet

weight (WW) and laser scanned weight (LSW). Each jelly�sh was �rst scanned

using the procedure described in this section. Then, they were carefully removed

from the tank, patted dry to remove additional water, and weighed on an electric

balance (Eosphorus Sf-400C, 600 g range, 0.01 g precision).

Energetic consumption from volumetric changes

This laser scanning technique used repeated laser scans and volumetric reconstruc-

tions over several hours to convert a change in volume due to catabolysis to an

average energy consumption rate for each jelly�sh. In order to validate this conver-

sion, simultaneous laser scanning and closed system respirometry experiments were

performed. The jelly�sh was scanned and reconstructed using the procedure de-

scribed in this section and immediately transferred to a 15.1 liter closed respirometry

chamber �lled with arti�cial seawater at 35 ppt (Fig. 1C). An oxygen probe (OPTO-

430, Unisense, Denmark) and temperature sensor (TEMP-UNIAMP-7, Unisense,

Denmark) were used to continuously measure the oxygen concentration at a sam-

pling frequency of 0.1 Hz. After 24 hours, the animal was removed, scanned, and

the arti�cial seawater in the respirometry chamber was �ushed and replaced. The

animal was returned to the respirometry chamber for a second 24 hour respirome-

try measurement. Finally, at 48 hours from experiment initiation, the animal was

removed, scanned, and the experiment was completed. The respirometry chamber

was chosen to be large enough that the animal avoided hypoxic conditions over the

course of the experiment. This experiment was repeated for 3 animals. Oxygen

consumption in an empty respirometry chamber was measured, and background

oxygen consumption was subtracted from experimental results. A linear �t to the

data was used as the average respiratory rate (RR). These values were compared

with literature values for Aurelia aurita wet weight (WW) given by

'' = 0•0765,, 1•038 (3.1)

(S. Uye and Shimauchi, 2005).

The method to convert the measured change in laser-reconstructed animal size to
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an energetic rate was based on earlier animal physiology work (Ikeda et al., 2000).

The respiratory rate is de�ned as

'' =
�+ d�
'&0

(3.2)

in terms of the change in volume of the animal �+, tissue density d, tissue carbon

content �, respiratory quotient '&, and a unit conversion term 0. The change in

volume �+ was measured using the laser scanning method described in this section.

Since jelly�sh are neutrally buoyant and approximately 96% water (S. Uye and

Shimauchi, 2005), d was assumed to be equal to the density of seawater d = 1024

kg m-3 at 35 ppt and 21°C. We experimentally measured the tissue carbon content

C of 9 Aurelia aurita as described in the following section. The respiratory quotient

'& depends on the type of tissue metabolized and represents the ratio of carbon

dioxide produced to oxygen consumed. For jelly�sh, we used a range '& = 0•8�0•9

since they metabolize primarily protein (S. Uye and Shimauchi, 2005; Ikeda et al.,

2000). Uncertainty in these input parameters was propagated to provide error bounds

for metabolic estimates. Previous work reports that the weight speci�c respiratory

rate of Aurelia aurita does not change with starvation state, (Frandsen and Riisgård,

1997) suggesting equation 3.2 does not need to be corrected for starvation state.

We normalize all ' ' by animal ,, in grams to allow comparisons across animal

morphology.

Carbon content

Tissue carbon content, �, was experimentally measured for 9 animals to measure

body composition changes while undergoing catabolysis (�gure 3.2). The animals

were transferred to a clean 108 liter arti�cial seawater tank without food. Three

animals were randomly selected for removal at each timestep of 0 hours, 25 hours,

and 50 hours after the experiment start. Each animal was patted dry, ,, measured

on an electric balance, and transferred to an electric oven where they were dried at

60-65°C until a constant weight was achieved. Dried samples were pulverized in a

mortar and pestle and weighed. Samples were then analyzed for carbon and nitrogen

content on an elemental analyzer (Santa Barbara Marine Science Institute Analytical

Lab, CEC 440HA, Control Equipment Corp., MA, USA). These experiments did

not show statistically signi�cant changes in carbon content over 50 hours without

feeding. We found an average carbon content of 0.105% ± 0.026% of ,,, which

is not statistically di�erent from the 0.13% ± 0.06% reported in the literature (S.
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