
Problem Set: Jellyfish Robots and Vortex Dynamics
ENGN/BIOL 267—Winter 2020
Due: Tues, Feb 04, 2020, 5pm

1. Jellyfish Vortex Dynamics

Figure 1: Vortex Thurst Generation in Rowing Jellyfish. A: Vortex ring with circulation Γd is shed
by rowing jellyfish. Area bound by the ring is given by Sx. B and C: Vorticity measured from
digital particle image velocimetry (DPIV) technique. Figure adapted from Kim and Gharib 2011
(A); and Gemmel et al 2015 (B and C)

We have discussed in class that the rowing jellyfish produce pairs of starting-stopping vortices
to propel themselves. This vortex dynamics is their secret sauce to swimming so efficiently.

In class, we developed a heuristic argument connecting vortex generation to thrust generation
via the Kutta-Jukowski Theorem (F = ρUbΓ).

A more detailed and mathematically rigorous derivation for vortex thrust generation was
originally given by J.C. Wu in 1981 1, applied in a biological swimming context by Kim and
Gharib in 2011 2

Briefly, the the propulsive force due to vortex generation is approximated as:

Fp(t) = ρ(Γ̇Sx + ΓṠx) (1)

• ρ is the fluid mass density

• Dot notation indicates atime derivative (e.g. ẋ = dx
dt )

• Sx is the the surface area enclosed by the vortex loop in the y − z plane

• Γ is the circulation: Γ =
∮
~u · d~x ≈

∫∫
ωdA

1Theory for Aerodynamic Force and Moment in Viscous Flows, AIAA Journal, 1981, pp432-441
2D Kim and M. Gharib. Characteristics of vortex formation and thrust performance in drag-based paddling

propulsion, J. Experimental Biology 214, 2283-2291.

1



(a) Show that the units on the RHS of Eqn 1 are consistent with force. Note that vorticity
ω has units of rad/s.

(b) The goal here is to make a good quantified estimate for force (thrust) generation due to
vortex generation. To do so, use any information provided in the class powerpoint images
or videos; or any information from journal articles. Clearly state any approximations
you make along the way.

(c) Compare your estimate from part b to the thrust that would be generated due to a
quantified estimate for force due to jet propulsion.

(d) Based on parts b and c, do your results bear out that vortex generation provides more
thrust than jet propulsion?

2. Get SMArt?

Figure 2: SMA-metal composite actuator. Spring steel is on top. SMA is on bottom. Small wire
guides couple the two together, separated by a distance d. Left: resting state. Both spring steel
and SMA are length Lss = LSMA = L. Right: contracted configuration. The radius of curvature
is marked by Rss for spring steel, and RSMA for the shape memory alloy.

In class, we reviewed Robojelly’s design based on shape memory alloy (SMA) composite
actuators . Briefly, an SMA is coupled to a thin piece of spring steel (Villanueva et al, 2011).
When the SMA heats up, the length contracts by a certain amount, which causes the spring
steel to bend–hopefully into the shape of a jellyfish bell. Real jellyfish bells can change radius
by about 40-50% [ref here]. Can the SMA achieve this? This problem explores some potential
limitations with this otherwise very clever design.

(a) Write an equation that relates Rss, RSMA, and d. Assume the spacing d remains
constant between straight and bent configurations.

(b) The length of the SMA when heated is given by L
′
SMA = αLSMA, where α < 1 is the

coefficient expressing the change in length of the SMA. Typical values for α have been
empirically determined to be ≈ 0.96. In other words, the SMA length shrinks by 4%
when heated. Assume the spring steel length remains constant. Given this information,
show that radius of curvature for the spring steel Rss as a function of d for when the
SMA is actuated is:

Rss ≈ 25d (2)

(c) Eqn 2 says that the radius of curvature can be set to a desired value by engineering a
system with the appropriate gap distance d. Compute the spacing d required to achieve
a spring steel radius of curvature needed to match that of the moon jellyfish A. aurita.

(d) In practical terms, what is the minimum value achievable for d. How does this compare
to your answer for part c. In other words, can we get the SMA and spring steel piece to
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be close enough? What undesirable outcomes might there be if the gap is not maintained
(SMA comes into contact with spring steel) State/justify any engineering judgments you
make.

(e) SMAs are nifty, but they are power hungry, typically requiring several hundred milliamps
of electrical current to heat up. Let’s say we have n = 8 SMAs, each 10 cm in length,
all of which consume 500 mA of current when heated. The manufacturer specifies the
resistance per unit length is 20 Ω/m. Let’s assume current has to flow for 1 s for the
SMAs to contract. And let’s further assume, we have a single battery powering this
jellyfish with a charge capacity of 5000 mAh (that’s a big beefy battery, btw). Compute
how much electrical power is consumed with each stroke; and compute how many cycles
of contraction-relaxation can be realized before the battery is exhausted.

3. Be Inspired

This class was originally inspired by Yours Truly geeking out on Planet Earth and thinking
“Beautiful! Also, I wonder how these animals actually do the amazing things they do?!” So
now it is your turn to be inspired! The main idea here is to think about how to approach
bioinspired design going from “Gee whiz” to “Here’s a science/engineering plan to do a real
investigation.” This might also stimulate some ideas for the BioE project upcoming in a few
weeks1

PBS recently released a beautiful 3-part series called Supernature: Wild Flyershttps://www.
pbs.org/show/supernature-wild-flyers/. The first episode is about animals that jump
and glide; the second about individual flight; the third about collective flight.

(a) Pick and episode of your choosing (they are all amazing and beautiful)

(b) Identify an animal model that you found to be particularly interesting.

(c) Develop a research question and/or design idea based on this system.

(d) Do a journal article search to see what work—if any—has already been done on this
system. Google scholar is your friend here. Cite these sources, and provide a 1-2 sentence
description of the key results.

(e) In light of any background/context provided by previous work, make a mini-proposal
for a project. Describe in sufficient detail how you would build whatever testing rig;
whatever bioinspired thingy. For instance, if the dive-bombing gannets catch your eye,
what exactly do you want to test in terms of “How do they do it?!” My quick google
scholar search turned up a related paper on kingfisher birds. That stimulated some ideas
in my own head (which I won’t say at the moment, so as not to bias you, but just to
give you an idea....)
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