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Abstract

The objectiveof this project was to create a prototype of a-fmwer unmanned underwater

vehicle (UUV) that resembles a jellyfish in appearance and mimics its movement. This task was
completed via the design of a unique form of propulsion and by demonstrating uiederwa
navigational control. The propulsion is achie
shortens when heated by an electric current, thus contracting part of the shell of the mechanical
jellyfish and creating a momentum flux that slowly progbés craft through the water.

Navigation is achieved through the use of a photodiode array that senses an underwater optical

light source. Controls on the craft determine which photodiode is closest to the light source and

subsequently activate the colloedtmuscle wire.

Note: Certain materials are included under the fair use exemption of the U.S. Copyright Law and have
been prepared according to the fair use guidelines and are restricted fromusather
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1. Introduction

An autonomous mechanical jellyfish is an unmanned submersible vehicle with a propulsion

system similar to that of a real life jellyfisA.UUV that move similarly to a gllyfish has been
developed by FESTO [2]. This vehicle is elealig drivenand uses 8 tentacles for propulsion.
These tentacles utilize tién Ray Effec? which isa design based on the structure of a fish fin.
The tentacles move with a peristaltic motiaeaning thg contract in successive wave like
motions and force the water onward to propel the jellyfish forward=[@lire 1 depicts the

Aqualelly and displays the tentacles in peristaltic motion utilizegbfopulsion.

Figure 1: Aqua Jelly utilizing peristaltic motion

Source: FESTO Bionic Learningetwork: Inspired by nature

Since the Aqualelly uses tentacles with fins and moves in a wave like tiatiteam
di dndt want t o TheuAgualtlly bas imilarimevengents ta aejellydish, but the
concept behind the propulsion is not unique to a jellyfish sincestipply the thrusfThe
approach taken by the team was to design an entirely new propulsion systead tinaire of a
resemblance to a jellyfishés propul sion.
Designing a UUWhasmany challenges and designing one with a unique propulsion

systempresented additional problenisitially research was conducted on how a jellyfish
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moves feasiblematerialsand method$o recreate jellyfish movememhaterials to use for

building a neutrally buoyant vehicleiays to change the depth of a Ulh4vigation systems for

U U V Gasd,powerequirements necessary for the vehicle to opefdie mechanism used for

the propulsion of the jellyfish must be able to provide the jellyfish with enough thrust in water to

propel itself forward and the material must be able to be pulled in such aatalyisithrust will

be generated. The materials used on the jellyfish must bearorsive and close to neutrally

buoyant in water so as little foam or weight as possible will need to be added to the irehicle.

the end the jellyfish must be a little hgaso that it sinks, but slowhAn additional issue with

the vehicle is that it must be able to change its depth. Since it is not a submarine a traditional

ballast system was not used. Instead the jellyfish willgeseration of a gasse. This method

allows the craft to generate gas while underwater to rise and to vent that gas when the jellyfish

needs to sinkA navigation system must also be chosen for the jellyfish so that the vehicle is

able to make it to a recharging station. In order for thégaéien system to work the vehicle

must be programmed in such a way that it is able to control which direction it is going and

control its depth. The battery used will be required to be able to run the entire system of the

vehicle for a sufficient amount time while occupying as little space as possiblee

navigation system, battery and other important electronics used will need to be housed in a

waterproof boxUltimately there are marthings to considewhen designing and constructiag

UUV which males it difficult for the whole system to function properly. This is due to the fact

that the components must be integrated in a way that will make the whole system run smoothly.
The overall goalvas to design and build an unmanned underwater vehicleeahbles

a jellyfish in appearance and general movemBEm propulsion method of the vehicle must be

unique and move the craft in a way that mimics the movement of a jellyfistmavigation b

the vehicle was required to be capable of demonstratirgpihty of the jellyfish to move

toward a set destinatioft was alsalesiredthat the mechanical jellyfish was a low power craft.

1.1 Jellyfish Propulsion
The basic structure of a jellyfish ia axterior bell shape that is flexible and able to

contort in order to propel the jellyfish forwargigure 2 below depicts the structure of a jellyfish

and what a typical one would look like.
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Figure 2: Structure of a jellyfish

Source: Cronodon Biotech: Building Bodies of Jellyfish

The key to jellyfish propulsion is bell contractions. These bell contractions decrease the
volume of the subumbrella cavity which causes the excess water to be pushedmethiach
similarto jet prgoulsion.Different types of jellyfish propel themselves forward differently.

Oblate jellyfish have demonstrated that tlaeg capable swimmers and use a-felfhalfpaddle
method[4]. An Oblate jellyfish is a jellyfish whose bell has an equatorial diangreater than

the distance between the uppermost and lowest point. It is essentially an ellipse that is longer
than it is tall.Oblate jellyfish propel themselves forward by utilizing a technique that creates two
opposing vortices which then propel {b#yfish forward. The first of these two vortices

formed when the jellyfisksontractgts bell andexpels water. The second vortex is formed when
the jellyfish relaxes its muscles after contracting and water refilled therbebe two vortices

swirl in opposite directions and when they collide the jellyfish is propelled forwarbh[Bure

3 below the frames of .63s and 3.73s depict the initial contraction of the jellyfish and the
resulting first vortex. Frames 1.47s and@k illustrate the point at which the jellyfish is relaxing
the initial vortex and the vortex formed from relaxing. Frames 0.0s and 2.47s simply show the

jellyfish when it is fully expanded [4].


http://cronodon.com/files/Jellyfish_diagram_2.jpg

Figure 3: Stagesofg el | yfi shdés propul sion and resul ting

Source:Flow patterns generated by oblate medusan jellyfish: field measurements and laboratory analyses

Some types of jellyfish stick strictly to jet propulsion and do not use thgehalfalf
paddle methodraployed by larger jellyfishThe jellyfish that use this approach are generally
smaller andheir bells are always taller than they are wide and resemble a thimble, opposite to an
oblate jellyfish [5].The smaller jellyfish do not utilize the relaxatiorpegach for propulsion.
They rely entirely upon propelling water out of the bell to move and create only the single

vortex.



2. Design

When designinghe autonomous mechanical jellyfish there were many aspects to consider.
The structural characteristics\asll as the material that the body is composed of are both
important features. One of the most important design facets was the propulsion system that the
vehicle would usand how that would affect the physical design of the detdoes the vehicle
would dhange its depth was another essential consider&ensors such goto detectorbad

to be choseas well as the equipment to process the data collected by them.

2.1 Structural Design of Jellyfish
One of the goals in the design of tmechanicajellyfish, was to convincingly mimic not

only the motions but the general looks and behavior of a real jellyfish. However, real jellyfish are
made mostly of a thin and structurally weak membrane which is the inspiration behind their
name. The mechanical versionaofellyfish would have to be almost entirely composed of rigid
materials in order to support the communications and controls hardware, energy storage
hardware, and to prevent destruction from stresses experienced in an ocean environment. The
preferred bas design therefore called for a rigid beshiaped frame at the top of the craft that
would support within it, the electronics box and along its rim, a flexible material supported by
actuating flaps. As forumnyancy, spaces within the electronics lbbxhe jellyfish were

designated for addingeightin order to make the craft neutsatbbuoyant at a particular depth

it was too light, or foam could be added within the rigid top if it was too h&dwey overall

design of the mechanical jellyfish met thgqu&ements of jellyfiskresemblance as well as

strudural stability and strength. See appendix A for diagrams.

2.1.1 Rigid Top Design
The rigid tophad to prouvile the system with a place to store thetebmics box and space in

which a ballast systenoald beimplementedThe rigid top kept the electronics box in place by
using stainless steel screwsotruding off the bottom edge of the rigid top are 6 flaps that will
connect to nearly identical bottom flaps. These flaps will be what the bottom flaps conaedt
rotate off of.Holes in which the photodiodes would be able to observe out of were also created.
Six holes were created around the dome and one on the veBetiges being used to store
electronics and ballast control the top was designed inasu@y that it would not hinder the

movement of the jellyfish through the wat&ee appendix A for diagram.



2.1.2 Electronics Box Design
The design of the electronics box had to cater to several factors.,Firs#igito have

sufficientstorage space fall of the electrical components fibre vehicle while fitting snugly

inside the rigid toplt was also shaped Bucha waythat its surface was completely tangeat
theinner surface of the rigid tofrhe electronics box had to have holes on the tdgoattom of

it that would allow the muscle wire attaahto the printed circuit board (PCB) to leave the
electronics box in order to be strung on the bottom of the box and then attach to a corresponding
flap. The hole on the bottom of the electronics bauld also be used in order to run a lead wire
to connect to the end of the muscle wateachedo a flap. This is necessary because the muscle
wire requires the voltage and current to be connected at both end phatep holen the
electronics boxs where the wires from the photodiodes would eridere to the electronics box
containing electronic equipment that would malfunction if in contact with water the outside and
inside of the box will have to be coated with a water resistant substance. & \Wbich the

wires run will also have to be filled with such substafi¢e method used to protect the
electronics box from having water enter it was to coat the boxamwthter sealant type epaxy

The water sealant chosen would be applied with feirgh In order for the water sealant to
properly adhere to the surface it was necessary to rough up the box surface with saf®kpaper.

appendix A for a diagram of the box.

2.1.3 Flap Design
The flaps that would contract and push had to be desigreeday that would expel the

water from inside the umbrella shaped cavity efficiently whilst accommodangique
propulsion system chosenhe bottom flapsnd top flaps were designed to have flat surfaces
that would allow aorrosion resistarttinge to connect thenAdditionally, the outside of the

both the bottom and top flaps had a knob extending from the surface where a restoring force
could be attachedhebottomflaps required a panel extending from the inner surface in order
for the musclavire to attach to them and stay taudghdr the muscle wire to stay taught the
panels extending from the flaps were drilled and a screw was put through them. The muscle wire
would enter this screw hole and then the screw would be screwed in to keepetlightifo
determine wheréhe panelsvould be placed on the flap a single initial flap was createchttht
panelsat different locations. One paneias close to the bottom of flap while the other was
towards the flat edge used to connect the flapsvarying displacement of the flap was &bt



using the two different panels. The final piece had two pateptimal locations, both closer to
the flat edge than the bottofmased off the testingee appendix A for diagram.

3. Manufacturing
The initial thinking of how to manufacture the jellyfish components was to buy stock of

polypropylene and use a computer numerical control (CNC) machine to build the pieces.
Polypropylene would have been a good material to use because it will not allow water to
permeate it and it is hartlowever, due to the complex geometfithe jellyfish componentis

would have been extremely difficult, if not near impossible to CNC igmep. To make it

possible to CNC the componemgsrtain aspects of the pieces would have to be removed and the
system in total would have to be toned doimrorder to be able to manufacture the pieces with
the ideal design a different type of system twatde used to machine the jellyfish components.
The way chosen to machine the pieces tvasse a 3D printing machine, a method similar to

rapid prototypingThe 3D printing machine used by the group can be seen below in figure 4.

Figure 4: 3D Printing Machine

Source:Dimension Printing 3D Printers



Pieces craad from a 3D printing machirere built one layer at a time from the bottom to
the top. Depending how the piece is oriented when a file is imported into the machinédhe
can vary. Generally thpiece is oriented in a way thaill require the least amount of support
material to be used while building the piece. The material used for the actual piece is
acrylonitrile butadiene styrene (ABS) plastic and the suppaenmaais simply a material that
will dissolve away when the piece it soaked in a base. The software the part file is imported into
determines where support structures are necessary and provides a path for the machine to follow
while building the partdependingon the orientation the user designates [7].

The way the ABS materi al is deposited is a c
extrusion head, heatedtoasdmi qui d stateo [7] and then depos
extrusion head. Eadhyer of the ABS material is thin and can be accurately sprayed for layers as
thin as .007 inche®nce a part is completed it can be sanded, milled, tapped, painted and
electraplated [7]. ABS plastic is not quite as good at preventing water from pemgtteas
polypropylene, but it is sufficient and in sensitive places the pieces can be coated for further
protection. Polypropylene has a water absorption percent ofl00006 while ABS has 0.05
2.30% [9]. ABS isalsorigid and tough enough for the appt at i o n Dimengionpartse d .
built in ABS have been used for functional and field téstem wind tunnel testing to camera
mounts on a M2 Bradley tank and spray gun run

All'in all using the 3D printer was a logical choice. Ibaled the design to be catered to this
machine rather than a CNC machine, which meant a more complex piece that had optimal
featurescould be created. An additional advantage is that while still not entirely inexpensive,
$5in3, it is a cheaper alternatiteordering stock of a material and paying to have it machined.

If the piece was less complicated machinisighihnot have been needtxicreate it, but with the
knowledge of CNC machines between the group members and such complicated pieces a
machinist with more knowledge would have been required.

Thecomponent®f the jellyfish were all created using the 3D printer. The rigid top,
eledronics box and top, and 6 bottom flaps. The pieces created were overall satisfactory. A slight
problem with the finishe@roducts washatthe hole placement on the pieces was a little off in
some cased.his problem was easily remediad the material ifairly soft and easy to add new
holes too. In the cases in whinew holes were ddd the old holes were notpfaced in a way

that would cause issues and allow water to enter the electronics box or disrupt the device in any



other way.Once the new holesere added the electronics box top fit on top of the electronics

box and screwed in well, and those two pieces combined fit smsithethe rigid top.

4. Buoyancy
An important aspect of the jellyfish that had to be considered was its buoYéduedgllyfish

had to be neutrally buoyant. This was required because if the jellyfish was too heavy it would
sink and if it was too light it would rise
the extremes and considering the fact thatlltnot be perfectly buoyant the jellyfish would
have to be either a little heavy or light. It would be preferable if the jellyfish was a little light so
that the propulsion and ballast system would not have to work against the jellyfish slowly
sinking while attempting to reach the surface.

Once it was decided that 3D printing was the method of choice and ABS plastic would be
used some preliminary calculationsing equation 1 beloweremade regarding the buoyancy
of the systeminformation about the weight of electronics in the jellyfish would also have to be
known for the initial calculationg he simple calculation made to determine the buoyancy of the
system is:

Equation 1o XTF @0 = 0 Q"GO "Qd o O i@y z 0 ¢Q "Ghaemda Q

This calculation would be made for each piece in the system and the total weightwouid

be added in order to find the total weight of the entire system in Wfai®ee.total weight in

water was negfive then the craft would rise. These calculations will only provide a general
knowledge of whether the craft is too heavy or light and if weight or foam will need to be added.
The system would need to be tested to fully determine the buoyancy. Thg dehstof ABS

plastic used for the calculations was equal to .038%[gin This value iclose to that of water

which is equal to .036 Ib/fnOne of the primary reasons the craft will need to be tested is that

the given value for the ABS plastic is average value for the density.



Table 1: Buoyancy Calculator

Density:

Water 0.036 Ibs/in"3

Foam

Bouyant Force 0

Component Material Mat Density Volume Qty Weight Weight in H20

Rigid Top ABS 0.038 15.94 1 0.61 0.03

Electronics Box ABS 0.038 20.15 1 0.77 0.04

Electronics Box Top ABS 0.038 4.36 1 0.18 0.01

Bottom Flap ABS 0.038 1.15 6 0.26 0.01

Hinges Steel - Zinc Plated 0.284 0.121 6 0.21 0.18

Hooks Steel - Zinc Plated 0.284 0.00477 36 0.05 0.04
1.82 0.32

This tableincludes all of the mechanical jellyfish components, besides minute devices such
as screws, and excludes the electrical devices. Since it would be an uaryegsls$o test the
buoyancy of the craft with all of the electrical components inside the electrical pieces were

weighed and this weight was added to the electronics box.

5. Propulsion System
The propulsion system was, from the start, the main focusradf the key challenges in

designing a mechanical autonomous jellyfish. The primary objective was to create a unique
mechanism by which the craft would propel through the water slowly and using very little
power. The propulsion system was to be origiaat ideally, would closely resemble the

motions and fluid dynamics of a real jellyfish. Research was conducted on the fluid dynamics of
a jellyfish to gain understanding about its motion and the forces involved in propelling it through
the water. Severadleas for the propulsion system were explored.

Initial sketches called for small mechanical actuators to cause fins surrounding the edge of
the bowHrame to contract quickly and then slowly release. However, this was decided to be too
similar to what théAquaJelly utilized, and not as realistic to the motion of a true jellyfish as
could possibly be achieved. Using mechanical actuators, whilst easier to implement than perhaps

anything else, would not adequately demonstrate creativity and innovationgnidgs unique
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propulsion system. Some other more technologically advanced option would be much more
appealing.

The possibility of using electaative polymers or EAPs, was an enticing alternative.
EAPs are special materials which react to changesliageacross them with a change in shape,
the displacement of which being proportional to the applied voltage. By varying the voltage, one
can carefully control the degree and the speed at which the material changebighap®.
below depicts an electaotive polymer in the process of deforming to a shape that is similar to a

jellyfish contracting its bell.

Figure 5: EAP Actuating in Jellyfish Propulsion Shape

Source: WorldWide Electroactive Polymer Actuators

However, EAPs currently come with two disadvantages. One disadvantage is that they
are not readily commercially available and therefore they are expensive. However given no other
option, funding could have possibly been found to cover the costs of usiPg) Ehe other
disadvantage is that the range of response times of the EAPs, though to an extent proportional to
the applied voltage, is too small. That is to say, the EAPs move at roughly the same speed across
small changes in voltage. Though the jellgfisould still move through the water, it would not
likely create the signature vortices of a pulsing-sbBlpe as previously described. Furthermore,
it would likely be very inefficient. Even without applying great voltages to increase response
time, the APs require continuous supply of electricity throughout their deformation. Therefore a

di fferent kind of special material was sel ect

11



Specifically, shap memory alloys or SMAs, commonly called muscle wire, thasnaterial of

choice.

5.1 Muscle Wire
In accordance with the goal of making the mechanical jellyfish move similarly to a real

jellyfish, the propulsion method chosen for causing the characteristic contraction and relaxation

of the shell membran@&volved the use of a wire composed of the shape memory alloy, nitinol,
colloquially known as muscle wire. The nickghnium material responds to an applied current

with a sudden change in length or shape. When the current is not applied, the nhatdyal s

returns to its original length and shape as it cools. The key advantages of muscle wire as the
driver of the jellyods propulsion are that it
of a live jellyfish. To that end, the muscle wire lwits fast contraction and slow relaxation

seems to mimic closely the fast pulsing and s
of different diameters of muscle wire were obtained in order to experiment with their contraction
and relaxation timesT'he relaxation time, which is a key disadvantage of muscle wire, is
proportional to the temperature of the environment. This was predicted to be much less of a
problem in the ocean environment for which the jellyfish was intended.

The muscle wire was aNable in many different diameters, with each having a unique
maximum pulistrength, response time, and voltage requirement. Thus, sample pieces of wires of
various diameters were obtained and an experiment devised, to determine the optimal selection.
Five sizes were selected: .005 LT, 0.01 LT, 0.01 HT, 0.012 LT, and 0.015 LT. Note that LT
stands for low temperature and HT for high temperature.

The experiment consisted of a variable voltage supply with leads attached to the ends of a
length of wire. Sensermeasuring the force and voltage were connected to the wire and logged
using a computer. The following is a description of some of the data and observations gathered
as the experiments were conducted. The seafgét result was for the wire to have agh
response time, forceful contraction, short relaxation time, and low power consumption.

The first thing that was determined was the approximate voltage range for which the wires
would respond. At too low a voltage, there would be a negligible respohge at too high of a
voltage, the wire would become extremely Hagure 6shows a situation where the voltage was

too low to produce a result. Experiments showed that 2 Volts was the approximate minimum

12



voltage required to activate the wire. Asexpecd, t he thicker wire, suct

slightly more voltage, because the electricity required to heat the wire was greater.

Latest 50
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Figure 6: Low voltage Test

typical result, in that <case, f

curve shows a near linear increase of force with time at a constant voltage. Though this

demonstrated the desired behavior of the wire, it did not produce a short enqayisedsme. It

took about 5 seconds for contraction and relaxation. However, the relaxation period would be

shorter in cold ocean water, so that was not an immediate concern. The maximum voltage for the

wire had yet to be determined at this point and sovtiitage was increased.
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Figure7: Typi cal Result for 0.010 Wire

Figure 8shows the same wire but at 5V, a higher voltage. Note that at the higher voltage
there was a significantly faster response of the wire. The wire took less than 2 seconds to
achieve maximum pull. Again, at the higher voltage the wire got hotter and tiecifego
relaxation time was longer. This factor was qualitatively assessed by instantly splashing
about 200mL of water at room temperature onto the wire after it achieved maximum pull and
the voltage switched offrhe result is sbwn in Figure 10At about3.5 seconds, the wire
started to slip, but the wire had achieved its maximum pull force. At just before 4.0 seconds,
the water was applied. Gravity fed, the water could be modeled as forced convection which is
not similar to the calm ocean environment. loer, the ocean is much colder and therefore
it is believed that this test was at least able to show that in the water, the cooling time for the

wire would be significantly reduced.
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Wi re with

5V Applied Voltage

A current limiter on the variable voltage supply did not allow for an effective voltage any

higher than about 5.5V or 6V. It was believed that the caseibed@bove and shown ifgtire

8(0.010

a

wire,

9V battery

5.5V) was
happen at higher voltages. To get around the problem of the current limiter on the power supply,
I nst ewadusedTTherestlthsishowne s t

was used

sati sf

actory;

in figure9. The wire took roughly half of a second to reach its maximum pull force; however, the

relaxation time of the wire became enormous. Of course, under water this time would be

shortened but not enough in all likediod. The larger problem was that the experiment nearly

drained

t he

battery.

The

power

requi rements

high temperature were too great. Upon considering the power requirements and other factors, the

0.

0 hretedwire was selected.
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Figure9: 9V Battery Test On 0.0150 Wire
There were sever al reasons for choosing th

thinner the wire, the faster the response and relaxation. Therefore ch@osiatjvely thin wire

was an obvious choice. The 0.010 diameter wi
wire was not chosen, nor was it even tested.
thin, that it was very difficult to work wht Also, thinness came at the cost of pull strength. For

these reasons and considerations, the 0.010 d
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Figure10: 0. 010 \Wiooleel Wat er

Having selected to @sufficientamunioftieivibevadi a met er
ordered. Experiments were done to determine the best configuration of the wire to gain the
maximum displacememf the flap The key factor was removing the slack from the wire before
contraction so that the maximum contraction wdtdahslate to the flap. A restoring force was
thought to be able to keep the wire taught, however, the presence of a restoring force reduced the
maximum displacemenin Figure 11 the rubber band is the restoring force. A way to amplify
the displacement dhe flab was to connect the wire to different places on the flap. The closer the

wire was connected to the hinge, the greater the displacement.
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