
Problem Set: Jellyfish Kinematics
ENGN/BIOL 267—Winter 2020
Due: Thur, Jan 23, 2020, 5pm

Jet Propulsion Laboratory: Jellyfish
This problem set is inspired in large part by Alex Villanueva’s public talk at W&L (fall 2013),
wherein he described using jellyfish videos posted to the internets for his state-of-the-art research in
developing jellyfish-inspired robots1. It is also inspired by retracing the steps of the groundbreaking
article by Colin and Costello2 who showed that oblate species (aka “rowers”) have a propulsive
efficiency that far exceeds the jet propulsion model.
For your video analysis, you can use footage of Japanese sea nettles (C. fuscescens) filmed by yours
truly at the Monterey Bay Aquarium in summer 2014 3. More information about this species can be
found at: http://www.montereybayaquarium.org/animal-guide/invertebrates/sea-nettle.
The video provided maintains an inertial frame view point—i.e., the camera is held study, not
one that follows a jellyfish as it hypnotically propels itself. This makes it suitable for kinematic
analysis tracking displacement, velocity, and acceleration. As a bonus, it is also feature-rich and
high-contrast with vibrant colors. This helps a computer tracking algorithm “lock on” to track a
feature over time.

Figure 1: Sea nettles (Chrysaora fuscescens) in Monterey Bay Aquarium.

1A. Villanueva et al. A biomimetic robotic jellyfish (Robojelly) actuated by shape memory alloy composite
actuators. Bioinsp. Biomim. 6 (2011) 036004; A. Villanueva et al. Biomimetic autonomous robot inspired by the C.
capillata (Cyro). Bioinsp. Biomim. 8 (2013) 046005

2S.P Colin and J.H. Costello. Morphology, swimming performance and propulsive mode of six co-occurring
hydromedusae, J. Experimental Biology 205, 427-437 (2002).

3If you are ever out west, the MBA is definitely worth a day trip! The live webcam is super zen, definitely worth
checking out: http://www.montereybayaquarium.org/animals-and-experiences/live-web-cams/jelly-cam
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1 Model of Jellyfish Propulsion: Thrust, Drag, and Effective Mass

1.1 Turn on your jets: Modeling Thrust

In class, we developed a (naive) model for the thrust generated by a jellyfish4. Namely, we assumed
that the thrust is generated by jet propulsion. A contracting jellyfish bell expels a jet of water then
sucks it back in upon relaxation. The time-varying thrust generated in this model is equal to:
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where ρ is the mass density of sea water, Av is the velar aperture (cross-sectional opening at the
bottom of the bell), and V is the volume of the jellyfish bell. The sign(dVdt ) term is +1 if the bell
volume is instantaneously increasing over time, and -1 if it is decreasing. Thus, this term says the
thrust is overall positive when the bell volume is decreasing in time (jet squirts out) and negative
when the bell opens back up (sucking in seat water). In summary, we have a model that relates
the thrust force to the time-varying geometry (volume and velar aperture) of a jellyfish!

1.2 Jellyfish geometry

Speaking of geometry, let’s assume the jellyfish bell can be modeled as a hemi-ellipsoid with radius
r (diameter d = 2r) and height h. Thus, the volume of a hemi-ellipsoid is V = 1

2
4
3πr

2h.

Figure 2: Ellipsoid. We’ll assume a jellyfish is a half ellipsoid (“hemi-ellipsoid”), where, a = b = r
is the bell radius, and c = h is the bell height. Image credit: wikicommons.

1.3 What a Drag! The drag force

Intuitively, you know that an object propelled through a fluid feels a drag force. Fundamentally,
drag occurs because a bunch of water molecules are knocking up against and grabbing on to the
exumbrella of the jellyfish as it moves through the water. In this case, the drag force can be modeled
by combining Eqns. 5, 10, and 11 in the article by Colin and Costello, 2002.
This set of equations can be combined to model the drag force according to Eqn 2 below. Assume
for the sake of simplicity that the Reynolds number for jellyfish swimming is in the range of 1 -
500, thus the exponent in Colin and Costello Eqn 11 is n = 0.7.

Fdrag ≈ 3πρhu1.3ν0.7d0.3 (2)

4In reality, recent research has revealed that a starting-and-stopping vortex complex substantially increases the
efficiency compared to a pure jet propulsion.
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where u is the forward velocity of the jellyfish and ν is the kinematic viscosity5 of sea water (use
ν = 1.86 × 10−6 m2s−1).
This equation probably looks a bit scary at first sight, but hopefully seems intuitive when we break
it down. It says that the faster the jellyfish is swimming, the stronger the drag force. You’ve likely
experienced this on a brisk bike ride or sticking your hand out the window of a moving car. It
also says the more viscous (“gooey”) the fluid, the higher the drag; ever tried swimming through
molasses (sounds delicious, pass the cinnamon and sugar, please). The h and d dependence just
says that taller and wider the bells experience more drag—because there is more surface area for
water molecules can grab onto, therefore the higher the drag force. Hopefully, your convinced that
this equation makes good physical sense!

1.4 Effective Mass

This thrust force accelerates the jellyfish, plus some volume of water in front of it. The added
mass takes into account the mass of water outside the bell that the jellyfish is also accelerating
(in addition to moving itself with the water inside). Therefore, the effective mass meff set being
accelerated is given by:

meff = ρV

[
1 +

( r
h

)1.4
]

(3)

The first term ρV just accounts for the mass of the jellyfish. The latter term is known as the added
mass. This term says the short and plump bells move more extra water, while long and skinny
bells move less extra water (makes sense intuitively, no?).

1.5 (Loco?)motion model: putting it all together

Thrust propels the jellyfish forward, while drag acts against it. We’ll assume the jellyfish is neutrally
buoyant, so that thrust and drag are the only two actors in this play. Newton told us that the sum
of the external forces equals the acceleration of the mass upon which they are acting:

amodel =
Fthrust − Fdrag

meff
. (4)

2 Implementing the Model

Given all of the information and kinematic modeling above, use videographic analysis of the Jellyfish
video posted in the BioE box folder to do the following. Use a combo of kinovea motion tracking
plus matlab analysis to do this. Tutorials (written in painstaking detail) are provided, so please
carefully consult them.

1. Make a plot of the kinematics vs. time for the jellyfish swimming. That is, make separate
plots for displacement, velocity, and acceleration vs. time for the actual motion.

2. Use geometrical information obtained from video motion tracking to compute and plot the
modeled thrust Fthrust vs time (Eqn. 1).

3. Using both geometrical information from motion analysis, and the velocity vs. time for the
actual motion, which you computed in 1, compute and plot the modeled drag forceFdrag vs.
time (Eqn. 2).

5see:http://www.kayelaby.npl.co.uk/general_physics/2_7/2_7_9.html
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Figure 3: Say hello to Daisy, the jellyfish-inspired robot made by Hammond, Glavy, and Sorenson.

4. Putting the pieces of the puzzle together, compute the modeled acceleration amodel vs time
(Eqn. 4).

5. Punchline: Compare and contrast the actual acceleration to the modeled acceleration. Plot
both model and actual acceleration on the same axis to highlight any differences (or similar-
ities).

6. Discuss what your results mean. Do your results support a conclusion that the rower jellyfish
outpaces the jet propulsion model? How much stock can you reasonably put in them? In
other words, describe any possible limitations or shortcomings with this videographic analysis,
and/or any shortcomings in the assumptions made throughout your modeling analysis.

3 Jellyfish-inspired robots: Critical Review of Previous Jellyfish
Inspired Robots

1. In class, we briefly reviewed the designs of several jellyfish-inspired robots: Two by Villanueva
et al.; one by Frame et al; and “Daisy” (previous year BioE project by Cort Hammond (’15),
Jena Glavy (’14) and Julie Sorenson (’14)).

Offer a critique of at least 3 of these designs. Summarizing your thoughts in table form would
make good sense (but isn’t strictly required). For each design you review

(a) What was the biological species inspiring the robot, and why? Should think here about
the intended application of the robot. It’s fun to see them swim, but they should have
a purpose too.

(b) What were the crucial biological features the authors/robot designers attempted inte-
grate into their human made system? To what degree were these features successful (or
not)?

(c) Briefly summarize the aspects of the design and performance that you think are ad-
mirable, and those which you would consider shortcomings.

2. Your turn! Describe with sketches, figures, and text how you would propose to implement
a jellyfish inspired robot. Carefully describe what biological features you deem essential to
replicate in your robot. Carefully describe your actuation mechanism, choice of materials,
power source, etc.
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