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ABSTRACT
Underwater surveillance missions both for defense and civilian applications are
continually demanding the need for unmanned underwater vehicles or UUVs. Unmanned
vehicles are needed to meet the logistical requirements for operation over long distances,
greater depths, long duration, and harsh conditions. In order to design UUVs that not only
satisfy these needs but are also adaptive and efficient, there has been increasing interest in
taking inspiration from nature. These biomimetic/bio-inspired UUVs are expected to
provide significant improvement over the conventional propeller based vehicles by taking
advantage of flexible bodies and smart actuation. In this thesis, jetting jellyfish were
utilized as the inspiration to understand the fundamentals of this new form of propulsion
and subsequently translate the understanding onto the engineered platform to validate the
hypothesis and construct robust models. Jetting jellyfish species are generally smaller in
dimensions than rowing jellyfish, consume lower energy for transport, and exhibit higher
proficiency.
In the second chapter, a bio-inspired stationary jet propulsion mechanism that
utilizes an iris diaphragm actuation system was developed. Detailed discussion is provided
on the design methodology and factors playing the leading role in controlling the vortex
formation. The propulsion mechanism was intended to mimic the morphological and
deformation features of Sarsia sp. jellyfish that measures approximately 1 cm in diameter.
The performance of experimental model was analyzed and modeled to elucidate the role
of structure and fluid displacement.
Utilizing the results from Chapter 2, a free-swimming jellyfish-inspired robot
(named JetPRo) was developed (also utilizing an iris diaphragm) in Chapter 3 and
characterized for relevant propulsive metrics. A combination of theoretical modeling and
experimental analysis was used to optimize the JetPRo’s gait for maximum steady-state
swimming velocity.
Next, an attempt was made towards creating a free-swimming jetting robot (named
JP2) using a guided cable mechanism to achieve the desired actuation and improve the
propulsion while simplifying the drive mechanism. Using JP2 robotic model, a systematic
set of experiments were conducted and the results were used to refine the theory. Based
upon the comprehensive computational analysis, an optimized swimming gait was
predicted and then validated.
A modular robot inspired by siphonophores was developed and initial efforts were
made in laying down the foundation for understanding of this complex locomotion
mechanism. Siphonophores are colonial organisms consisting of several jetting bodies
attached to a central stem. An experimental model was developed mimicking the
multimodal swimming propulsion utilized by Siphonophores. Several swimming gaits
inspired by the natural animal were replicated and the preliminary performance of the
experimental model was quantified. Using these results, an analysis is presented towards
further improving the design and assembly of a siphonophore-inspired robot.
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Chapter 1 : Introduction, Motivation, and Background
1.1 Research Motivation
Underwater surveillance missions, both for defense and civilian applications, are
increasingly demanding the use of unmanned underwater vehicles, or UUVs. Examples of these
missions include monitoring ocean currents, chemical spills and concentrations, and studying the
migratory pattern of biological species [4]. Conventional UUVs include vehicles such as JASON
(a remotely operated underwater vehicle), and REMUS (an environmental monitoring unit used
by the US Navy) [5] [6]. Requirements for these vehicles can be very demanding as they are often
needed to operate over long distances, great depths, extended periods of time, and under harsh
environmental conditions. Current technology is limited in one or multiple of these criteria,
narrowing the range of applications that can be addressed and increasing the operational costs
required to achieve the above mentioned objectives. Conventional UUVs such as JASON and
REMUS, utilize propeller based propulsion mechanisms to achieve thrust production. Steering is
generally achieved via several rudder systems that allow directional control. Though these systems
have been proven to work well, they are often bulky and require maintenance due to the failure of
mechanical parts, leaking, and fouling from the harsh conditions of the underwater environment.
In order to further improve the performance of UUVs and develop systems that can surpass the
current metrics by a huge margin, there is increasing interest in taking advantage of the natures
design principles. Animals have evolved to live in varying environmental conditions with great
success adjusting their behavior to accommodate the changes in surroundings. They also have
learned to take advantage of the fluidic principles to maximize their performance while minimizing
the energy consumption.
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The interest in developing biomimetic/bio-inspired UUVs as next generation underwater
surveillance systems is also strong due to the attraction towards physical features of quietness,
flexibility, lack of rotating machinery, and energy harvesting. Mimicking biological systems aids
inconspicuousness which has an enormous benefit for surveillance applications. Some existing
bio-inspired UUVs/robots include Robotuna (a robotic tuna fish developed by MIT), RoboJelly (a
soft body jellyfish-like robot developed by Virginia Tech), and MantaBot (a manta ray-like robot
developed by UVA) [7] [8] [9]. Each of these robots were designed to meet certain criterion such
as low energy consumption, fast locomotion, and investigation of an unconventional propulsion
mechanism. Through the development of biomimetic robots, researchers can gain insight into
many engineering challenges that arise due to the fundamental differences between the biological
versus man-made systems. The engineering models can be used to conduct systematic parametric
studies illustrating the role of various design attributes.
The long term overarching goal of the research discussed in this thesis is to develop
jellyfish-inspired small-scale autonomous sensor nodes which can be deployed in ocean waters.
The specific focus of this thesis was developing the understanding of propulsion mechanisms that
can maneuver the sensor nodes effectively in underwater environment. Jetting jellyfish were
investigated as the primary source of inspiration for the propulsors due to their ability to achieve
high accelerations and velocities while still retaining a small form factor and relatively low energy
consumption [10].

1.2 Jellyfish Biology and Morphology
Jellyfish species come in a wide variety of morphologies, ranging from several millimeters
to over 2 m in diameter [11]. Based on the fineness ratio, i.e. the ratio of bell height to diameter
(𝐹 = 𝐻/𝐷), jellyfish can be classified as either prolate (𝐹 ≥ 0.5) or oblate (𝐹 < 0.5) [12].
2

Although both groups rely upon the periodic contraction of circumferential muscles to impart
momentum to the surrounding fluid and in turn generate thrust, closer inspection of underlying
hydrodynamics reveals that each group uses a distinct propulsive mode [12] [13]. Prolate jellyfish
use jet propulsion; they generate almost all of their thrust during the contraction phase when the
decrease in subumbrellar cavity volume causes fluid to be jetted out in the form of the starting
vortex ring. Oblate jellyfish use rowing propulsion; they generate thrust during both contraction
and relaxation phases [14] and shed two vortices into the wake, the starting and stopping vortices,
which interact to positively augment thrust [13] [15]. Although rowing has been shown to be more
efficient than jetting [16], prolate jetting jellyfish generally achieve greater accelerations and
velocities for their size due to their propulsive mode and more streamlined bodies [10]. One such
jetter, Sarsia tubulosa (Figure 1.1), can achieve high swimming velocities and accelerations while
still maintaining moderate propulsive efficiency relative to six other common species of jellyfish
benchmarked by Dabiri et al. [16]. Thus, S. tubulosa was chosen as primary inspiration for the
design for the underwater propulsion mechanisms.

3

Figure 1.1: Side-view cross-sectional image of a 1 cm diameter S. tubulosa in an illuminated laser plane. Image
courtesy of John H. Costello and Sean P. Colin (permission attached).

1.3 Fundamental Mechanics of Jetting
From an engineering standpoint, jet propulsion can be mainly quantified by observing the
fluid mechanics behind the generation of an induced jet. Organisms capable of jetting must be
capable of deforming a cavity of fluid in order to produce a jet. By expelling the fluid through an
orifice, a vortex ring is formed at the base of the orifice. When this vortex ring achieves the
maximum “formation number” (the characteristic length of a jetting system divided by its
diameter) allowed by the jetting system, the vortex is then “pinched off” (or released from the base
of the orifice), thereby inducing a jet of fluid, causing thrust to be produced on the jetting body in
the opposite direction of the jet flow [17]. Figure 1.2 shows schematic diagram of the fluid
movement during the contraction/relaxation jetting cycle.

4

Figure 1.2: Schematic diagram showing the fluid movement during a single jetting cycle. S. Colin and C. J. ,
"Jellyfish Flow," NSF, 2006. [Online]. Available: http://fox.rwu.edu/jellies/flowjetting.html. [Accessed March
2014]. Used under fair use, 2014.

Many jetting organisms in nature, including Sarsia (Figure 1.1), contain a “velum” at the
margin of their bell, which can be described as a flexible nozzle like structure that augments the
vortex formation and can allow for the induced jet to be steered, facilitating directional control
[10]. This structure resembles a flap that moves outward when water is ejected from the bell cavity,
and returns to its original position during the refilling process of the bell. Though an induced jet
can be formed without a velum, it has been shown to aid in the efficiency of jetting organisms as
it can greatly increase the ability to form vortices [10].

5

1.4 State-of-the-Art in Bio-inspired Jellyfish
Several biomimetic jellyfish robots of both rowing and jetting types have been previously
developed using various methods of actuation. The JetSum (jetter) and Robojelly (rower), shown
in Figure 1.3a and b [18] [8], utilizes shape memory alloy to radially deform their artificial bell.
Figure 1.3c shows a rowing jellyfish-inspired robot developed by Najem et al. [19] which utilizes
ionic polymer metal composite actuators (IPMCs) as a means of actuation. Another artificial
rowing jellyfish (named Medusoid) has been recently developed by Nawroth et al. utilizing rat
tissue cells and silicone to produce a free swimming vehicle (Figure 1.3d) [20]. These robotic
jellyfish designs have focused on utilizing smart material actuators to achieve rowing and jetting
motions. Though smart materials allow these robots to retain jellyfish-like morphology; strain,
power consumption, and/or force output is sacrificed when using these actuators thereby
compromising the bell deformation and swimming performance. With regards to conventional
actuators, Festo Corporation has developed a jellyfish inspired vehicle named AquaJelly which
uses an electromagnetic bell-type armature motor to achieve swimming motion [21]. Villanueva
et al. have developed a 5 ft. diameter jellyfish robot using DC linear actuators [22]. All the above
mentioned robots have segmented bell designs (with the exception of Najem et al.) with radial
actuation. By utilizing a segmented structure, folding of the bell can be avoided during contraction.
However, bell segmentation decreases subumbrella surface area and allows water to escape during
contraction which reduces thrust [8].
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Figure 1.3: Diagram showing some state-of-the-art jellyfish inspired underwater vehicles. a) JetSum [18], b)
Robojelly [8], c) AquaJelly [21], d) IPMC jellyfish robot [19], e) Medusoid [20], f) Cyro [22].

In biomimetic robotics, an important aspect of mimicking the natural systems is to devise
an appropriate transmission mechanism that allows conventional actuators to replicate soft body,
organic muscular motion and flexibility. In biological systems, soft actuation systems allow for
highly adaptable locomotion, as well as the ability to distribute stress over irregular volumes [23].
Designing and utilizing soft actuators can be challenging as most conventional actuators provide
continuous rotational motion rather than the desired linear contraction/expansion motion. Smart
material actuators, such as electroactive polymer actuators and shape memory alloys are able to
retain natural form factors, but suffer in deformation rate, energy density, and/or durability.
For the small-scale jetting propulsion which is the focus of this research, mechanisms for
achieving a uniform bell structure with circumferential actuation are desired in order to generate
and preserve axisymmetric vortex structures that maximize thrust production. Therefore, it was
necessary to investigate an alternative means of achieving a circumferential uniform-bell jellyfish
contraction while using conventional electric motors to lower the energy consumption.
7

The chapters in this thesis were developed to systematically address the design, fabrication,
characterization and analysis of jetting propulsion mechanisms. Chapter 2 introduces the design
of a stationary jetting propulsor which was actuated using with an iris diaphragm mechanism.
Chapter 3 builds upon Chapter 2 through further refinement and performance optimization of a
free-swimming robot (termed as JetPRo) using the iris diaphragm actuation mechanism. Chapter
4 describes a new design and performance optimization of a second generation freely-swimming
jetting robot (JP2). Lastly in Chapter 5, a robotic multi-jet concept inspired by siphonophores is
introduced, designed, and evaluated.
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Chapter 2 : Design and Analysis of a Stationary Jetting
Propulsor Using an Iris Mechanism
In the interest of creating a low-energy jetting propulsion mechanism while mimicking
Sarsia’s morphology and circumferential musculature, a propulsor utilizing a new form of
actuation based upon an iris diaphragm mechanism was designed, fabricated and tested. The
propulsion mechanism mimics that of the Sarsia sp. jellyfish which measures approximately 1 cm
in diameter. In order to achieve a biomimetic uniform bell contraction, an electrical motor was
used in conjunction with a novel circumferential actuator based upon a mechanical iris diaphragm.
This mechanism allows actuation of a deformable cavity. The experimental model was scaled to a
diameter 10 times larger than Sarsia measuring 10 cm in diameter. The performance of the
propulsion mechanism was analyzed both experimentally and theoretically. The propulsor was
mounted on a test stand which allowed for measurement of the thrust and power consumption.
Analytical and experimental results were compared with the performance of Sarsia. It was found
that the overall mechanism created a maximum thrust of 5.1 N with a calculated vehicle efficiency
of 0.17% and proficiency of 4.8 s-1.

2.1 Design and Fabrication of Propulsor
2.1.1 Design Guidelines and Parameters
The primary purpose of the initial propulsor model discussed in this chapter was to
characterize the functionality and performance of the jetting mechanism. It was necessary for the
design to be biomimetic as well as scalable so that it could eventually be made with diameter in
the range of 1-3 cm. The initial experimental model was scaled to 10 times the diameter of the
natural species, due to constraints provided by the actuation methods (i.e. size, shape, water
9

permeability). An image of Sarsia was digitized in order to replicate the subumbrellar cavity of
the jellyfish. It was assumed that Sarsia is symmetric about its central axis, therefore only a single
cross-section of the actual species was needed for analysis and design of the propulsor. The
propulsor consisted of a wireframe structure surrounded by a custom molded silicone skin which
was actuated using a mechanical iris diaphragm. Table 2.1 below outlines the physical
specifications of the propulsor.

Table 2.1: Physical specifications of the propulsor
Parameters
Values
Orifice diameter - relaxed bell (mm)
101.6
Orifice diameter - contracted bell (mm)
63.5
Maximum diameter - relaxed bell (mm)
103.18
Maximum diameter - contracted bell (mm)
81.59
Height - relaxed bell (mm)
118.44
Height - contracted bell (mm)
120.29
Total mass of propulsor (g)
327.2
Mass - bell (g)
99.5
Mass - iris diaphragm (g)
227.7
Total volume of propulsor (cm3)

182.6

3

Volume - bell (cm )

53.8
3

Volume - iris diaphragm (cm )
Subumbrellar volume - contracted bell
(cm3)

128.8
313
3

Subumbrellar volume - relaxed bell (cm )
3

Volume of displaced water (cm )

500
187

2.1.2 Actuation Method
In order to achieve a biomimetic, circular contraction similar to Sarsia, a novel
circumferential actuator was designed. Previous robotic jellyfish designs have utilized smart
material actuators, such as SMA wires or IPMC actuators to achieve rowing and jetting motions
[8] [18] [24] [25]. Although these methods were able to retain the jellyfish’ morphology, strain,
power consumption, and force output was sacrificed. Due to these disadvantages, it was necessary
to investigate alternative means for achieving a biomimetic jellyfish-like contraction.
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The mechanical iris diaphragm, also known as a leaf shutter, was chosen as a basis for a
circumferential actuator. These mechanisms are commonly used in optics, but not as robotic
actuators. A modification on the standard leaf shutter mechanism was made by adding flexible
wireframe ribs inside and perpendicular to the leaf shutter, which allows for a three-dimensional
contraction. In order to achieve contraction, the outer ring of the leaf shutter is rotated relative to
its base ring. When a torque is applied to the iris, the leaves push radially inward against the
wireframe cage to achieve the contraction. When the torque is removed, the potential energy stored
in the wireframe cage forces the iris back to its relaxed position. This design allows for
conventional rotational actuators, such as DC motors, stepper motors, or servos, to be used in
conjunction with the iris to achieve radial contraction. Figure 2.1 shows a CAD model of the
relaxed and contracted positions of the iris diaphragm.
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Figure 2.1: (a) Structure of the iris mechanism in relaxed and (b) contracted positions.

An iris mechanism containing 6 leaves was designed in a CAD program (Autodesk
Inventor) measuring 10 cm of inner diameter and 13.3 cm of outer diameter, which allowed for
approximately a 30% iris diameter contraction. The iris frame was milled using a CNC out of 0.25”
and 0.5” acrylic sheets and the leaves were milled from 1/32” sheet metal. The iris diaphragm was
assembled and lubricated to reduce the frictional losses during contraction.
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2.1.3 Custom Silicone Skin with Flexible Support Ribs
The contracted subumbrellar cavity of Sarsia was traced in a CAD program and a threepart mold was produced via rapid prototyping which was filled with Smooth-On Inc., Ecoflex 0010
silicone rubber. The subumbrellar cavity was molded in its contracted state to avoid folding of the
silicone during contraction. Three separate steel dowels of 1/16” diameter were cut and shaped to
achieve the jellyfish’ relaxed position. The ribs were bonded at their vertices to create a three
dimensional wireframe support structure which was placed inside the silicone skin. Because the
ribs have higher stiffness than the stiffness of the silicone skin, the overall system naturally recoils
to a relaxed state. The cavity structure was then placed inside the iris diaphragm. Figure 2.2 shows
the CAD models of the contracted silicone skin as well as its corresponding mold. Figure 2.3 shows
the completed propulsor with the support ribs inserted. Figure 2.4 displays a two-dimensional
cross-section of the positions of the propulsor in its relaxed and contracted states.
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Figure 2.2: (a) CAD model of the custom made silicone skin and (b) its 3-part mold.

Figure 2.3: Completed propulsor showing (a) relaxed and (b) contracted bell positions.
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Figure 2.4: Equally-spaced marker positions along a rib demonstrate the change in cavity volume between
relaxed and contracted positions. It is this volume change which causes an efflux of water in a jet, producing
positive thrust.

2.2 Methods and Materials
In order to quantify the performance of the propulsor, a combination of direct experimental
measurement and theoretical modeling was used. Thrust was measured by a load cell during one
cycle (contraction and relaxation) while the propulsor was mounted to a test stand, and then
compared to the thrust predicted by a momentum balance model developed by Daniel for jetting
jellyfish [26]. The kinematics of the propulsor were included in this model to ensure an accurate
mathematical representation of the time-varying physics and consequentially an accurate
prediction of swimming performances such as proficiency (diameter normalized velocity 𝑢/𝐷)
and hydrodynamic efficiency. Finally, the measured power consumed by the propulsor was used
with the theoretical predictions to derive the overall vehicle efficiency.
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2.2.1 Measuring Thrust and Power Consumption - Setup and Procedure
Due to conventional actuator limitations, namely large size, bulky shape, and water
permeability, the propulsor was mounted on an acrylic test stand and submerged in a water tank
while keeping all electrical components above the surface. A DC motor was mounted on top of
the test setup and attached to a wire/pulley mechanism which allowed for the actuation of the iris
without submerging the DC motor underwater. A servo horn was attached to the DC motor’s rotor
and mechanical stops were placed around the horn allowing for a fixed iris contraction from 10
cm to 6.35 cm. Using a microcontroller, the contraction time was calibrated by determining the
time difference between the servo horn touching the initial and final mechanical stops. A load cell
was calibrated and balanced using known masses and placed at the top of the test setup which was
mounted to a rigid beam allowing for thrust calculation. Electrical power consumed by the DC
motor, 𝑃𝑖𝑛,𝑣𝑒ℎ𝑖𝑐𝑙𝑒 , was also monitored using a current sense resistor and a data acquisition card
(DAQ). Figure 2.5 (a) and (b) show the schematic diagrams of the test stand and overall
measurement setup.
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Figure 2.5: (a) Diagram of the tethered propulsor setup submerged in water tank and (b) schematic showing
components of the overall experimental setup.

A single contraction time of 45 ms was chosen for testing. This was chosen as a
compromise between the DC motor’s speed versus torque. Relaxation time could not be controlled
as it was a passive motion determined by the stiffness of the structure (measured to be 75 ms);
however a “wait time” of 150 ms was added, during which the propulsor remained in its contracted
position following a contraction. This was included as vortex rings were not formed without the
wait time. Ten trials were performed in which the propulsor was actuated to undergo a complete
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cycle (contraction, wait time, and relaxation). Thrust and power consumption measurements were
recorded using a LabView Virtual Instrument (VI) and a DAQ.

2.2.2 Theoretical Jetting Model
All jellyfish are unsteady swimmers that use the thrust generated during the contraction phase
to accelerate forward before being decelerated by drag and the refilling of the subumbrellar cavity
during the relaxation phase. Using a theoretical model for jetting formulated by Daniel [26], the
performance of the propulsor was estimated. The theoretical model assumes that the thrust
generated by jetting jellyfish can be accurately modeled by only considering the fluid expelled
from the animal during its contraction phase, ignoring wake fluid dynamics. The model is a force
balance of all instantaneous forces acting on the jellyfish:

Thrust = time varying drag + acceleration reaction with added

(1)

mass + force to overcome inertia of animal

Daniel formulated a non-linear, first order differential equation from which instantaneous
acceleration of the bell can be calculated [26] as:

−

𝜌 𝑑𝑉(𝑡) 𝑑𝑉(𝑡)
𝑑𝑢(𝑡)
|
| = 0.5𝜌𝑆𝐶𝑑 𝑢(𝑡)2 + (1 + 𝛼 )𝜌𝑉 (
)
𝐴𝑣 𝑑𝑡
𝑑𝑡
𝑑𝑡

(2)

where 𝜌 is the density of water; 𝐴𝑣 is the cross-sectional area of the bell orifice; 𝑉 is the volume
of the jellyfish body plus the volume of fluid in the subumbrellar cavity; 𝑆 is the reference area;

18

𝐶𝑑 is the drag coefficient; 𝑢 is the forward velocity of the jellyfish; and 𝛼 is the added-mass
coefficient.
Equation 2 was modified by adding a temporal variation in bell geometry to account for
the varying orifice area during the contraction phase. Additionally, because jellyfish swim
unsteadily with significant fluctuations in their velocity, added mass from the water surrounding
the jellyfish’ body was accounted for in the model. The drag coefficient for the propulsor was
calculated by using empirical data for a streamlined body [27]. The modified equation 2 was solved
numerically using the built-in MATLAB ode45 function (4th/5th order Runge-Kutta DormandPrince method) [28] with the error tolerances of 𝐴𝑏𝑠𝑇𝑜𝑙 = 10−8 and 𝑅𝑒𝑙𝑇𝑜𝑙 = 10−8. As a first
order approximation, all time-varying parameters were assumed to change linearly between their
maximum and minimum values.
Proficiency, propulsive efficiency, and total vehicle efficiency were calculated in order to
make comparisons between the predicted performance of the prototype and other swimming
vehicles. Propulsive efficiency is given by the dimensionless Froude efficiency [29]:

𝜂𝐹𝑟𝑜𝑢𝑑𝑒 =

𝑃𝑜𝑢𝑡
𝑃𝑖𝑛,𝑤𝑎𝑘𝑒

(3)

where 𝑃𝑜𝑢𝑡 is the rate at which kinetic energy is used to overcome drag and acceleration reaction,
and 𝑃𝑖𝑛,𝑤𝑎𝑘𝑒 is the rate of total kinetic energy transferred to the wake.
Propulsive efficiency is just one part of what makes up the total vehicle efficiency, which
also includes mechanical losses, such as friction in the iris and viscoelasticity in the silicone, and
electrical losses in the motor. It was calculated as the ratio of power used to overcome the drag
and acceleration reaction to the electrical power consumed by the motor:
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𝜂𝑣𝑒ℎ𝑖𝑐𝑙𝑒 = 𝜂𝑚𝑒𝑐ℎ 𝜂𝑒𝑙𝑒𝑐 𝜂𝐹𝑟𝑜𝑢𝑑𝑒
=

𝑃𝑜𝑢𝑡
𝑃𝑖𝑛,𝑣𝑒ℎ𝑖𝑐𝑙𝑒

(4)

Complete details of the model are available in Ref [1].

2.3 Results and Discussion
The ensemble averaged forces measured by the load cell during one cycle are shown in
Figure 2.6a. Though a clear trend in the average thrust signal (taken with the bell section mounted
on the test stand) is not readily visible, subtraction of the averaged baseline noise (taken without
the bell mounted) and application of a low-pass filter with a cut-off frequency of 10 Hz reveals a
physically meaningful signal, albeit one that is smoothened. Positive thrust was produced during
the first 200 ms of the cycle through the contraction phase and wait time with the maximum thrust
of 5.1 N produced roughly at full contraction. A decrease in thrust was seen afterwards while the
bell remains closed, decaying nearly to zero, until another positive spike occurs just before the
start of the relaxation phase. This may be attributed to the elasticity of the silicone skin, which
undergoes a slight oscillation following the contraction, but is quickly dampened by the
surrounding water. As the bell expands and draws in water, large negative thrust is produced and
continues until after the bell has returned to its relaxed state.
In Figure 2.6b, this corrected empirical thrust was compared to the model-predicted thrust.
Sharp changes in magnitude were predicted as the propulsor goes from one phase to the next
because the model determines that thrust is zero unless there is a change in the subumbrellar cavity
volume. However, there is naturally some damping and lag that occurs between this input and the
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measured thrust output which the model does not account for, but is seen in more complex
simulations (e.g. [14]). Perhaps the most prominent difference shown in the figure is the amount
of negative thrust measured by the load cell is much greater than calculated by the model,
physically indicating that the propulsor would swim backwards. There are several possible reasons
for this discrepancy. For example, the experimental setup does not test the same physics because
the propulsor was being held in a fixed position by the test stand. Also, the thrust measurements
were not precise and may need further correction after signal processing. From this experiment, it
was analyzed that the untethered propulsor performance would be reasonably similar to what was
predicted by the model.
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Figure 2.6: (a) Although the thrust measured by the load cell was erratic even after ensemble averaging 10
trials (𝐓𝐡𝐫𝐮𝐬𝐭 𝐚𝐯𝐠 ), a reasonable profile (𝐓𝐡𝐫𝐮𝐬𝐭 𝐟𝐢𝐥𝐭𝐞𝐫𝐞𝐝 ) was found by subtracting the ensemble-averaged
baseline noise (𝐍𝐨𝐢𝐬𝐞𝐚𝐯𝐠 ) and applying a low-pass filter. (b) This filtered thrust compares well with the modelpredicted thrust during the contraction period, but has a far greater magnitude than expected during the
relaxation phase.

The predicted swimming performance of the untethered propulsor over about 14 seconds,
or the first 50 cycles, is shown in Figure 2.7 and Figure 2.8 with relevant parameters listed in Table
2.2. As expected from an unsteady jetter, the velocity rapidly increases at the beginning of each
cycle, tapers during the wait phase due to the resistance from drag, and then rapidly decreases as
the bell relaxes. It can be seen that the vehicle reaches a steady state velocity of 49 cm/s after
approximately 12 seconds when the average acceleration decays towards zero. This is caused by
the drag increasing proportionally to the square of velocity and eventually balancing with the
cycle-averaged thrust. The increase in drag is also reflected in the increased amount of speed lost
during the wait phase.
The maximum Froude efficiency peaks at 2.65%, which is lower than the ~18% measured
for Sarsia sp. by Dabiri et al. [16]. This efficiency could likely be increased by changing the
contraction and relaxation phase durations, as reported by Daniel [26]. Specifically, these phases
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should most likely be slowed since the propulsor is contracting even faster than the natural animal
despite being an order of magnitude larger in dimension, an opposite trend of what is usually seen
in nature [30]. Since the relaxation phase is passive and is determined by the stiffness and geometry
of the ribs, exploring this design space for an optimal configuration would be most easily done
theoretically or numerically. Another way to improve Froude efficiency would be to minimize
non-thrust producing kinetic energy into the wake by incorporating a variable diameter orifice to
the propulsor, mimicking the role of the velum in natural jetting jellyfish [10]. This would also
increase the proficiency, which was already an impressive 4.8 s-1 during steady swimming, besting
all natural jellyfish investigated by Dabiri et al. [16]. Optimization of such a structure would
require measurement of the flow field which was beyond the scope of this thesis.
The total vehicle efficiency is the product of several other efficiencies, including Froude
efficiency, so it cannot be greater than any one of these factors. Given the low Froude efficiency
of 2.65%, it was not surprising that the total vehicle efficiency was calculated to be 0.17%,
consuming a constant 57 W during the contraction phase. By extension, the theoretical model
implies that the combined mechanical and electrical efficiency of the propulsor was 6.4%. Losses
can be attributed to mechanical friction within the iris mechanism itself (i.e. friction between iris
leaves, rotation friction within the pulley), as well as electromagnetic losses due to DC motor
actuation. For the next iteration of the propulsor, which will be scaled down to an outlet diameter
between 1-3 cm, the losses will be addressed by investigating alternative and more efficient
electrical actuators which will be packaged within the vehicle itself, therefore eliminating the need
for an external pulley/cable mechanism, as well as decreasing mechanical friction by improving
the iris design.
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x
Figure 2.7: Predicted swimming kinematics in the first ~14 seconds, or 50 cycles, from rest: (a) displacement,
(b) velocity, and (c) cycle-averaged velocity and acceleration.
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Figure 2.8: Predicted swimming efficiencies over ~14 seconds, or 50 cycles, from rest. Both the propulsive
efficiency (𝜼𝒇𝒓𝒐𝒖𝒅𝒆 ) and, consequently, the total vehicle efficiency (𝜼𝒗𝒆𝒉𝒊𝒄𝒍𝒆 ) increase with time until the steady
cycle-averaged swimming speed is reached.
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Table 2.2: Calculated experimental and theoretical performance parameters of propulsor.
Parameter
Value
Maximum thrust - experimental (N)

5.1

Maximum thrust - theoretical (N)

5.4

Steady swimming drag (N)

0.2

Average steady velocity - theoretical (cm/s)

49

Reynolds number

4×104

Froude efficiency

2.65%

Vehicle efficiency

0.17%

Proficiency, u/D (s-1)

4.8

2.4 Chapter Summary and Conclusions
A novel, biomimetic method for underwater jet propulsion was developed using a custom
made iris diaphragm and silicone skin. The design mimics the propulsion mechanism used by the
jellyfish species Sarsia sp. A propulsor was fabricated and analyzed using both an experimental
setup to measure the thrust, as well as a theoretical jetting model. It was shown that the propulsor
was able to produce a maximum positive thrust of 5.1 N during contraction, compared to the
predicted theoretical value of 5.4 N. During relaxation however, a maximum thrust in the opposite
direction of 11 N was produced, which was concluded to be a non-physical phenomenon due to
several discrepancies between the hydrodynamic conditions of the experiment and Sarsia sp., i.e.
the propulsor being held fixed by the test stand, as opposed to moving freely with the surrounding
flow. An overall vehicle efficiency,𝜂𝑖𝑛,𝑣𝑒ℎ𝑖𝑐𝑙𝑒 , of 0.17% was calculated by comparing the input
electrical power to its theoretical power output (as described by Eq. 4). Using Daniel’s model, the
propulsor yielded a proficiency of 4.8 s-1 and Froude efficiency, 𝜂𝐹𝑟𝑜𝑢𝑑𝑒 , of 2.65%, compared to
2.8 s-1 and 18% of Sarsia sp., respectively [16].
Suggested improvements on this work include designing and manufacturing a second
iteration propulsor scaled down to a diameter between 1-3 cm and removing the attachment to a
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test stand. These developments are discussed in the next chapter. Alternative electrical actuators
should be investigated that can be packaged within the vehicle itself in order to maintain the
jellyfish’ morphology. Utilizing the current results and model, the performance of the next
experimental model will be optimized to achieve higher thrust as well as higher vehicle efficiency.
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Chapter 3 : A Free Swimming Jet Propulsion Robot
(JetPRo) Actuated by an Iris Mechanism

From the knowledge gained in Chapter 2, an attempt towards developing a free-swimming
jellyfish-inspired robot was performed. The characteristics of the newly designed jet propulsion
robot (named JetPRo) are explained in this chapter. JetPRo utilizes a circumferential jetting
mechanism paired with a pre-stretched flexible silicone cavity. This system was developed to work
with a conventional DC motor to achieve thrust through volumetric contraction. The performance
goals of JetPRo were to outperform the current state-of-the-art jellyfish robots in diameternormalized swimming speed, or proficiency, which was chosen as a means of comparison across
the varying sizes of robots. Other goals were to produce the vortex structures characteristic of S.
tubulosa, while attempting to mimic its morphology and circumferential musculature. JetPRo’s
swimming gait was optimized using a theoretical model and validated experimentally in order to
achieve maximum swimming proficiency.

3.1 Design and Fabrication of JetPRo
The design of JetPRo began by gaining a thorough understanding of the anatomical and
hydrodynamic characteristics of S. tubulosa. In order to undergo jetting motion, S. tubulosa utilizes
circumferential muscles to achieve volumetric contraction throughout its subumbrellar cavity.
Therefore, to achieve the circular contraction similar to the animal, it was necessary to develop an
appropriate circumferential actuator. Guidelines for the design of the robot were determined
through video and image analysis. The bell kinematics of S. tubulosa were approximated by
tracking its bell margin over time using ImageJ video processing software, and it was calculated
that the margin experiences a 25% diametric contraction (from 1 cm to 0.75 cm) at a frequency of
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approximately 1.6 Hz. A single frame from the video was digitally traced in order to replicate the
subumbrellar geometry of the jellyfish. It was assumed that S. tubulosa is symmetric about its
central axis and so a cross-section of the animal was used as a reference for design and analysis of
the robot. Because of S. tubulosa’s small scale, several compromises had to be made prior to the
design. It was decided that the scale of the robot could be sacrificed so long as the hydrodynamic
structures could be preserved. Also, morphology would have to be adjusted due to the inability to
recreate the extremely soft tissue which comprises the body of S. tubulosa. It was expected that
part of the robot design would inevitably consist of rigid mechanical structures due to the inclusion
of conventional actuators.
The final design of JetPRo consisted of a 2-part system which contains a flexible bell
structure placed inside a rigid iris diaphragm actuator (Figure 3.1). The bell consists of a wireframe
structure and molded flexible silicone skin which is deformed using the custom made iris
diaphragm. The iris diaphragm, when actuated with a 10 V signal, induces contraction within the
bell structure, causing a negative volumetric change. When the 10 V signal is turned off, the elastic
energy stored in the wireframe bell structure forces the iris diaphragm back open to a relaxed
position. The measured physical specifications of JetPRo are listed in Table 3.1. The completed
robot achieved an orifice diametric contraction from 3 cm to 1.9 cm (37% contraction) while
measuring 7.9 cm in height.
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Figure 3.1: Fully assembled JetPRo shown in relaxed position. Inconsistencies in morphology and scale
compared to S. tubulosa were due to the restrictions placed by the component selection.

Table 3.1: Physical specifications of JetPRo.
Parameters

Values

Orifice diameter - relaxed bell (cm)

3

Orifice diameter - contracted bell (cm)

1.9

Maximum diameter of robot (cm)

5.7

Total height of robot (cm)

7.9

Total mass of robot (g)

80

Mass - bell (g)

8

Mass - iris diaphragm (g)
Total volume of robot

72

(cm3)

46.5

Subumbrellar volume - contracted bell
Subumbrellar volume - relaxed bell

(cm3)

(cm3)
3

Displaced water during contraction (cm )

25
44
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3.1.1 Actuation Method
The mechanical iris diaphragm, also known as a leaf shutter, was chosen as a basis for a
circumferential actuator. The iris diaphragm is a well understood mechanism that converts
rotational motion into circumferential contraction, ideal for pairing with conventional rotary
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motors. Additionally, iris diaphragms are easily scalable and require very low actuation force.
They are capable of mimicking the opening and closing of a circular orifice by simply rotating the
outer ring of the mechanism (rotor) relative to the base ring (stator) causing a set of iris leaves to
collapse inward or retract outward. These mechanisms are commonly used in optics to control the
amount of light passing through an opening but they have not yet been used as robotic actuators to
achieve motion. For the purpose of this experiment, a flexible silicone cavity was added inside a
designed iris diaphragm allowing for a volumetric contraction when actuated using a DC motor.
As mentioned earlier, smart material actuators were not considered in the design due to their high
power consumption, low strain, and/or low force.
Prior to the design of the iris mechanism used in JetPRo, a survey of necessary components
was performed to determine the restrictions created by available actuators and other off-the-shelf
parts. A 10 volt 30:1 ratio Pololu Micro Metal DC gear motor was chosen as the primary actuator,
due to its small size and torque vs. speed specifications. Additionally an RBC Thin Section ball
bearing with 1.85” outer diameter and a 1.5” inner diameter was selected to be used within the iris
due to its high corrosion resistance and high inner to outer diameter ratio, allowing for a larger bell
diameter. Upon selection of the components, it was determined that the minimum diameter of
JetPRo would be approximately 5 cm, or 5 times larger than S. tubulosa. A digitized image of S.
tubulosa was proportionally scaled up to match the minimum allowable diameter determined by
the components’ size. An iris diaphragm was then designed to fit within the enlarged contracted
profile of S. tubulosa, maximizing the fineness ratio. The final diaphragm consisted of multiplepart housing for the gear motor, ball bearing, and iris leaves (Figure 3.2). The diaphragm and
housing were designed and modeled using a CAD program and manufactured with VeroWhite
photopolymer resin on an Objet Eden 260V rapid prototyping machine. The iris and gear motor
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were coupled through a 10:46 ratio spur gear setup which allows for the opening and closing of
the orifice (Figure 3.2b). The spur gear ratio was determined iteratively to meet the speed vs. torque
requirements. The design of JetPRo’s iris diaphragm allows for all components (excluding the
power supply and controller) to be placed on board the robot. The iris diaphragm housing was then
placed inside a custom made dome-shaped mold, based on the subumbrellar geometry of S.
tubulosa and filled with Smooth-On Ecoflex 0010 silicone rubber which was selected due to its
high elongation percentage (800%), water impermeability, and high degree of softness. The
assembly process following fabrication is shown in Figure 3.3.

Figure 3.2: CAD drawing of iris mechanism from different angles. (a) Underside view of iris diaphragm and
housing. (b) Section view illustrating the spur gear setup. (c) DC motor mount. (d) Fully packaged assembly
with plastic protective shell.
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Figure 3.3: Assembly process of iris mechanism. (a) Iris rotor with attached ball bearing. (b) Iris stator and DC
motor placed around iris rotor. (c) Underside view of iris diaphragm with leaves. (d) Fully packaged assembly
with protective shell. (e) Assembly placed in dome shaped mold prior to silicone injection. (f) Fully completed
“head” of JetPRo after removal from mold.

3.1.2 Uniform-Bell Jetting Cavity
The contracted subumbrellar cavity of S. tubulosa was digitally traced and modeled using
a CAD program and proportionally scaled to fit within JetPRo’s contracted geometry as described
earlier. Modifications were made to the shape of the cavity so that it could be inserted into the
designed iris diaphragm subsystem, allowing for the iris to deform the cavity from the top of the
robot, rather than from the bottom. Using the CAD model, a 3-part mold of the cavity was designed
and produced via rapid prototyping with an Objet Eden 260V machine (Figure 3.4).
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Figure 3.4: (a) CAD model of JetPRo’s custom made silicone skin and (b) its 3-part mold. The silicone skin
shown in (a) measures 6.6 cm in height with a 1.8 cm orifice diameter and 1 mm thickness.

The mold was then filled with Smooth-On Ecoflex 0010 silicone rubber. The subumbrellar
cavity was molded in its contracted state at a 1 mm thickness to allow easy stretching and to avoid
folding during contraction. Three separate steel dowels of 0.5 mm diameter were sized and shaped
to force the molded bell to its relaxed position (Figure 3.5a). The dowels were bonded at their
vertices to create a three-dimensional wireframe support structure, which was fixed to the silicone
skin (Figure 3.5b). The combined stiffness of the steel dowels was selected to be greater than that
of the silicone skin allowing for the cavity to naturally recoil to a relaxed state, thereby stretching
the skin to avoid folding. The deformable cavity was then inserted into the iris subsystem as shown
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in Figure 3.6. This final design allowed for the lower half of the robot to be deformable while
leaving the upper half rigid.

Figure 3.5: Fabrication process of flexible silicone bell. (a) Steel dowels shaped and bonded. (b) Final bell with
silicone mold affixed to wireframe cage.

Figure 3.6: Complete JetPRo displaying (a) relaxed and (b) contracted bell positions.
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3.2 Methods and Materials
A combination of theoretical and empirical techniques was used to optimize and
characterize JetPRo’s swimming performance. Estimates were first calculated using a jetting
model to test how two operating parameters affected the robot’s steady-state swimming velocity.
These predictions were then tested using the swimming robot and velocities were measured using
video tracking. Digital particle image velocimetry (DPIV) was used to measure the fluid velocity
around JetPRo in order to compare with previous studies of S. tubulosa.

3.2.1 Theoretical Jetting Model
Using a theoretical jetting model developed by Daniel [26], and as mentioned in section
2.2.2, the performance of the robot was predicted and compared to experimental results.
JetPRo’s physical parameters, given in Table 3.1, were used as inputs into the model. Several
simulations were run in MATLAB to determine the most proficient swimming gait. For a full
explanation of the how the model was used and simulated results, please refer to Ref [2].

3.2.2 Swimming Test and Operating Parameters
Following the fabrication of JetPRo, an initial submersion test was performed to ensure
that it was waterproof. Once all leaks were repaired using GE Silicone II waterproof sealant, the
robot was placed in a 5 ft deep water tank. Buoyancy was adjusted by suspending the robot from
a hollow plastic ball using a rigid wire. Small masses were added to ensure a state of slightly
negative buoyancy. Prior to actuation, JetPRo was placed inside the tank and allowed to sink to
the bottom. This was done to ensure that vertical motion was not due to buoyancy effects. JetPRo
was actuated via 2 lead wires (measuring 38 AWG) running from the robot to a controller
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consisting of a half-bridge circuit connected to an Arduino UNO microcontroller and power supply
(Figure 3.7).

Figure 3.7: (a) Illustration and (b) picture of swimming experiment.

Based on the electrical specifications of the DC motor, a simple controller was developed
in which a 10 V input signal could be turned on or off, allowing the DC motor to be driven
clockwise (causing contraction) and counterclockwise (causing relaxation). Contraction rate was
not adjustable due to the simplicity of this controller, so the contraction phase lasted a constant
170 ms for all tests. This is nearly identical to the average contraction phase of 151 ms (n = 6
swimming cycles, SD = 0.04 ms) measured from the video of S. tubulosa that was used for bell
design. Also similar to S. tubulosa, relaxation of the bell was a passive motion caused by elastic
energy stored in the bell during contraction [13] and was therefore not adjustable. This phase lasted
286 ms compared to the average value of 173 ms (n = 6 swimming cycles, SD = 0.02 ms) for the
animal. Fortunately, the signal timing could be adjusted such that the durations that JetPRo held
its contracted state (“cruise time”) and relaxed state (“wait time”) were easily controlled (Figure
3.8). Because the contraction and relaxation speeds could not be adjusted due to physical
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constraints in place by the robot as well as controller limitations, swimming proficiency was
optimized by only changing cruise and wait times.

Figure 3.8: Each swimming cycle of JetPRo consisted of a contraction phase followed by a relaxation phase,
causing the ejection and refilling of fluid from the bell cavity. Between these phases, the bell could be held
stationary in its respective state for a cruise time (CT) and a wait time (WT). Due to controller limitations and
the physical design of the bell, contraction and relaxation times were not adjustable and so different values for
CT and WT were tested.

Videos of JetPRo being actuated inside the tank were taken at 60 fps and at a resolution of
1920x1080 pixels with a Sony HDR-CX260V video camera. Using ImageJ video processing
software, JetPRo’s position was tracked over time and analyzed to determine the average
swimming velocity for each experiment.

3.2.3 Particle Image Velocimetry
Time resolved digital particle image velocimetry (TR-DPIV) was used to inspect fluid
structures produced during the contraction phase of JetPRo. For imaging, JetPRo employed a
swimming configuration identical to that shown in Figure 3.7 and the laser was directed at the tank
running from left to right in the image frame. Experimental trials commenced with JetPRo
swimming vertically through the laser plane and were iterated until the robot maintained a position
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in which the laser plane bisected the bell throughout the whole image sequence. For a more
thorough description of the imaging process, see [2].

3.3 Results and Discussion
3.3.1 Theoretical Jetting Model
The robot’s swimming proficiency was predicted using the theoretical model by testing all
combinations of cruise and wait times ranging from 0 to 1000 ms in 100 ms increments, totaling
121 simulated gaits. No changes in trend were observed using smaller 50 s increments, so the
increment size was deemed sufficiently small. This range was chosen after measuring the average
wait time for the S. tubulosa specimen in the video that was shown to be 320 ms (n = 6 swimming
cycles) with a large standard deviation of 120 ms. The specimen had no measurable cruise time,
likely a consequence of muscular and energetic limitations, though it was hypothesized that the
optimally proficient gait for the robot might be achieved with a small cruise time in order to take
full advantage of the forward momentum generated during the contraction phase. Therefore, it was
decided to test an equally wide range of cruise times. Cycle-average steady-state swimming
velocities were recorded after 50 cycles and were later checked to verify that steady-state
conditions were indeed reached. The results of these tests show that swimming proficiency
increases exponentially as both wait and cruise times are minimized, with the peak value of 3.85
s-1 achieved when both parameters are set to 0 ms (Figure 3.9). Throughout the test space,
proficiency was more sensitive to changes in cruise time than wait time, a result which highlights
the importance of minimizing this parameter and but disagrees with the hypothesis.
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Figure 3.9: Robot swimming proficiency predicted by the jetting model shows an exponential increase as wait
and cruise times are minimized, with a higher sensitivity to cruise time. Proficiency values range from 1.49 s -1
when both parameters are set to 1000 ms to 3.85 s-1 when both are set to 0 ms. This trend was used to optimize
the swimming robot [2].

3.3.2 Swimming Test and Operating Parameters
Based on the proficiency trend predicted by the model, JetPRo was tested at six gaits with
cruise and wait times ranging from 0 to 1000 ms in 200 ms steps. The number of experiments
needed to validate the trend was reduced by holding wait and cruise times equal to each other. Five
trials were completed at each gait, 30 trials completed in total, with video tracking performed each
time. As predicted by the theoretical model, swimming proficiency increased with decreasing
cruise and wait times (Figure 3.10). The trend occurred at nearly the same rate for the model and
robot, though the model always over-predicted the proficiency achieved. This discrepancy is
unsurprising considering that the model does not account for losses of kinetic energy in the wake
of the robot. Additionally, it was suspected the plastic buoyancy ball mounted at the top of the
robot may have increased drag and ultimately decreased proficiency. A cruise and wait time of 0
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ms yielded the highest average swimming velocity of 11.6 cm s-1 at steady state and a proficiency
of 2.03 s-1. The ensemble averaged displacement and velocity over time for this gait, calculated by
averaging through all five trials at corresponding points in time, are shown in Figure 3.11.

JetPRo (SD, n = 5)
Model
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Figure 3.10: The trend of increased swimming proficiency for JetPRo with decreased wait and cruise times was
experimentally validated by video tracking the robot. The proficiencies predicted by the model are higher than
the calculated experimental values partially due to the absence of fluid losses in the model. Error bars = 1
standard deviation, n = 5.
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Figure 3.11: (a) Ensemble averaged position of JetPRo for the most proficient swimming gait with error bars
of one standard deviation and (b) the corresponding averaged velocity. JetPRo’s displacement increases
monotonically, indicating continuous positive velocity and positive net forces acting on the robot, with steady
state conditions reached after approximately six seconds. The temporal zero, or starting point, for each trial
corresponded with the onset of the first contraction.

3.3.3 Particle Image Velocimetry
Because the refilling of the bell could not be observed due to the lack of transparency and
because the contraction time remained constant throughout the trials, the velocity fields derived
from DPIV experiments on JetPRo were used to observe only the contraction phase and the
resulting fluid structures of the robot. Figure 3.12 shows the instantaneous velocity vectors and
vorticity contours resulting from the contraction phase of JetPRo. A jet of water is ejected from
the orifice imparting momentum to the body and causing the boundary layer on the subumbrella
surface to separate at the orifice edge and roll up into a vortex ring. The evolution and separation
of this isolated and radially symmetric vortex ring is clearly illustrated, with blue and red contours
indicating clockwise and counterclockwise vorticity respectively. A single vortex ring is generated
by the bell contraction and is shed into the wake and as a result, the robot moves forward. However,
unlike S. tubulosa observed by Dabiri et al [16], JetPRo created isolated vortex rings which
indicate that a trailing jet is not formed. Trailing jets occur when the vortex ring reaches its physical
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size limit, called the vortex formation number, and pinches off so that no more fluid can be
entrained in the ring [31]. Momentum has previously been shown to be most efficiently transferred
by maximizing vortex ring diameter and that energetic cost of fluid transport increases once a
trailing jet is formed [31], suggesting that an optimally efficient jetting gait would employ vortex
rings formed at the formation number and not above. However, biological propulsors are
sometimes more concerned with swimming proficiency than efficiency which is the case for this
analysis. To this end, additional impulse can be generated by exceeding the formation number,
which is indeed seen in the wake of some jetting jellyfish [16] and in the escape jetting propulsion
of squid [32]. Thus, the isolated vortex rings created by JetPRo are indicative of a less proficient
but possibly more efficient swimming gait than seen in S. tubulosa. The claim of proficiency loss
due to the vortex formation below pinch off is supported by the difference in proficiency achieved
by JetPRo relative to that of S. tubulosa; being 2.03 s-1 and 2.8 s-1, respectively.

Figure 3.12: Time evolution of instantaneous velocity fields and vorticity contours measured in the wake of P2
using DPIV. Frame size: 9.4 x 15.4 cm.
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Finally, JetPRo’s top proficiency value was benchmarked against the proficiencies of S.
tubulosa and current state-of-the-art robotic jellyfish (Figure 3.13). It can be seen that JetPRo
greatly outperforms all pre-existing jellyfish robots, satisfying the initial goal of the study, though
it should be noted that it is unknown if the robots shown were optimized to swim to at their most
proficient capabilities. JetPRo trails behind S. tubulosa by a difference of 0.77 s-1, which can be
attributed to several factors. As mentioned earlier, the contraction and relaxation times utilized by
JetPRo were not adjustable parameters. Therefore, their effect on proficiency was not considered
in the optimization of the robot. Changes in both contraction and relaxation durations would need
to be input into the theoretical model and a more sophisticated controller would need to be
developed to control these parameters on JetPRo. Additionally, morphological discrepancies exist
between JetPRo and S. tubulosa, affecting drag. Though S. tubulosa’s bell geometry and
kinematics were used as preliminary guidelines for the design of JetPRo, exact biomimicry was
not the goal. The existence of the rigid, dome-shaped structure at the head of JetPRo is not
biomimetic, but was unavoidable due to the fixed outer diameter of the iris diaphragm as well as
the protrusion of the micro DC motor from the iris diaphragm. As mentioned earlier, the plastic
buoyancy may have increased drag and decreased proficiency. Nonetheless, JetPRo retains nearly
the same fineness ratio as that of a contracted S. tubulosa, 1.40 to 1.38 respectively, partially
explaining the robot’s relative high performance over state-of-the-art.
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Figure 3.13: Comparisons in proficiency of JetPRo to S. tubulosa and current state-of-the-art robotic jellyfish.
From left to right: IPMC jellyfish robot (U = 0.077 cm s -1) [19], Robojelly (U = 3.11 cm s-1) [8], Medusoid (U =
0.24 cm s-1) [20], JetSum (U = 7.8 cm s-1) [18], JetPRo (U = 11.6 cm s-1), and S. tubulosa (U = 2.8 cm s-1).

3.4 Chapter Summary and Conclusions
A proficient jellyfish-inspired jet propulsion robot (JetPRo) was developed utilizing a
novel actuation method for underwater propulsion. The jellyfish Sarsia tubulosa was chosen as
inspiration for the robot due to its fast swimming speed relative to other jellyfish species and
mimicked its circumferential musculature by utilizing an iris diaphragm actuator surrounding a
deformable uniform silicone bell. The orifice diameter contraction achieved was 37% compared
to 25% for S. tubulosa. The robot’s diameter was roughly 5 times larger than the animal due to the
constraints placed by component selection, but retrains nearly the same fineness ratio (1.40 versus
1.38 for the robot) and still properly generates vortex structures similar to those seen in jetting
medusae despite vortices being shed below the formation number. With the current controller and
design of JetPRo, the allowable kinematic design space was optimized to find the most proficient
swimming gait, as predicted by the theoretical model and confirmed by experimentation. JetPRo
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swam at a maximum steady state average velocity of 11.6 cm s-1 achieving a proficiency of 2.03
s-1. This is determinedly better than previous jellyfish inspired robots and comes close to reaching
the proficiency of S. tubulosa (2.8 s-1).
Improvements on this work include developing a controller that can actively manipulate a
wider range of temporal swimming parameters which govern the swimming gait of the robot and
directly affect its performance. Using theoretical modeling the effect of these additional parameters
on swimming performance can be resolved. Velar kinematics can also be investigated and
implemented for further improvements to the robot’s performance. At its current stage, JetPRo
does not have any velum structure coupled at the exit orifice. The velum would serve to change
the exit orifice diameter over the complete contraction phase. A study completed by Dabiri et al.
on Nemopis bachei identified an in-phase reduction and the subsequent increase of cavity volume
and velar diameter. The velar kinematics have been identified as a necessary component to delay
the formation time and increase the capacity for efficiency in thrust production [10]. By delaying
formation time and following the protocol developed by Dabiri and Gharib [32] for optimal vortex
formation, the consumption of energy input into the robotic system and imparted in the fluid can
be optimized.
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Chapter 4 : A Jellyfish-inspired Jetting Robot Actuated
Using a Guided Cable Mechanism
This chapter presents a continuation and improvement of the experimental analysis
presented in Chapter 3. A new design of an underwater jetting robot inspired by the jellyfish Sarsia
tubulosa is presented which has enhanced biomimetic morphology and kinematics. The robot,
named JP2 (JetPRo 2), was designed, fabricated, and analyzed. Using a theoretical model, the
robot’s full swimming gait was optimized through the adjustment of temporal parameters. These
results were tested experimentally through a horizontal swimming configuration by suspending
the robot from a cable-car setup. Using an improved controller, the contraction and relaxation
speeds of the robot were adjusted. Through this procedure the robot’s optimal swimming gait is
determined for proficiency and efficiency, while providing insight into jetting propulsion in nature.

4.1 Design and fabrication of JP2
Based on previous experiments conducted on JetPRo mentioned in Chapter 3, an attempt
was made to create a more streamlined and biomimetic jetting robot. JetPRo consisted of a two
part half rigid, half flexible body which was not biomimetic with regards to morphology, due to
the physical constraints placed on the robot from the actuator being placed outside the bell.
Therefore, an improved actuation mechanism was designed which could allow for a fully flexible
single bodied geometry with actuator placed inside the bell of JP2.
The bell design approach for JP2 was inspired by the bell design mentioned in Section 2.1,
which consisted of a wireframe cage surrounded fully by a stretched silicone membrane. This
design was modified to allow actuation of the bell to occur inside the subumbrella rather than
externally via the bell margin. A guided-cable system was used as the transmission mechanism to
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convert linear motion (via a DC linear actuator) into volumetric deformation of the bell. The
completed robot is shown in Figure 4.1a and b with its physical specifications shown in Table 4.1.

Figure 4.1: Images of completed JP2 robot from a) underside view out of water and b) side view underwater.

Table 4.1: Physical specifications of JP2.

Parameters

Values

Orifice diameter - relaxed bell (cm)
Orifice diameter - contracted bell (cm)
Total height of robot (cm)
Total mass of robot (g)
Mass – actuation mechanism (g)
Mass – bell (g)

8.89
5.33
9.14
84
24
60

Subumbrellar volume - contracted bell (cm3)
3

200

Subumbrellar volume - relaxed bell (cm )

300

Displaced water during contraction (cm3)

100

4.1.1 Bell design
Inspiration for the design of the bell was drawn from a previous work mentioned in Section
2.1, in which a non-moving jellyfish-inspired jetting propulsor was designed and actuated using
an iris mechanism. The bell design mentioned in Section 2.1 consisted of 3 flexible steel dowels
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which were bent to form a 3-dimensional cage structure resembling the geometry of Sarsia’s
subumbrellar cavity. The cage was then surrounded by a pre-stretched flexible silicone membrane
which would deform alongside the cage’s deformation. For the design of JP2, a similar approach
was taken, but with several improvements to decrease the mechanical losses, improve robustness,
and simplify assembly.
The design of the bell began with 3 steel dowels of 0.8 mm thickness and length of 22.86
cm, which were placed in a hexagonal pattern and fixed to 3D printed custom-made plastic collar
using epoxy (Figure 4.2a). At the front and back ends of each steel dowel, the ends were bent to
form hooks for easy attachment of the transmission mechanism (Figure 4.2a). The dowels were
then bent (before yielding) and hooked to a 3D printed placeholder ring which allowed the bell to
be temporarily formed to its contracted position (Figure 4.2b).

Figure 4.2: Design and assembly process of JP2’s bell structure: a) Steel dowels are fixed to a 3D printer collar.
b) Dowels are bent and attached to a placeholder ring. c) Silicone membrane is wrapped and glued around steel
cage. d) Placeholder ring is removed to form completed bell.
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Smooth-On Ecoflex 0010 silicone rubber was selected as the bell membrane material due
its high elongation percentage (800%), water impermeability, and high degree of softness. Sheets
of silicone were manufactured by pouring the uncured silicone on an inclined flat aluminum
surface. The silicone was then mildly pre-stretched and wrapped around the wireframe bell and
fixed to the steel dowels using GE Silicone II glue (Figure 4.2c). After allowing the glue to dry,
the placeholder ring was removed, allowing the bell to recoil to a relaxed state (Figure 4.2d).

4.1.2 Actuation mechanism
Underwater animals, such as Sarsia sp. and other jetting jellyfish utilize circumferential
muscles at their bell margin in order to achieve bell deformation. In Chapters 2 and 3, an iris
mechanism was utilized in an attempt to achieve this deformation. Though this was a successful
attempt at replicating the motion of an orifice opening and closing, the mechanism was complex
and consisted of many moving parts, which is undesirable when trying to achieve simplicity and
durability. Additionally, the iris mechanism placed major geometric restrictions on the
morphology of JetPRo, causing it to lack in biomimicry.
Upon inspection of the previously designed jetting systems from Chapters 2 and 3, it was
hypothesized that a comparable type of circumferential deformation could be achieved through
inward radial actuation via the 6 dowel ends of the bell, rather than from outward actuation via an
iris mechanism. From this observation, it was determined that only a simple linear one degree of
freedom transmission mechanism could be used to achieve circumferential actuation. The
transmission mechanism consisted of a linear motion which was paired with 6 separate cables that
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were guided through a tube and evenly splayed radially outward, and finally fixed to the base of
the bell to achieve a pseudo-circumferential contraction (Figure 4.3).

Figure 4.3: Images of string-cable mechanism attached to wireframe bell, allowing a) relaxation and b)
contraction.

A Firgelli PQ12 Series DC linear actuator (Figure 4.4a) was selected as the actuator due to
its small form factor and compactness, allowing a 3.6 cm diameter contraction through the
transmission mechanism. An internal modification to the actuator was made by replacing the 30:1
geared DC motor with a 10:1 geared DC motor of the same size (Figure 4.4b). This was necessary
in order to achieve faster contraction speeds, while still maintaining the required force to deform
the bell. Additionally, 6 high tension fishing line strings were knotted to the shaft of the actuator
and individually crimped with eye hooks to be fastened to the base of the designed bell.
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Figure 4.4: Assembly process of guided-cable actuation mechanism: a) Firgelli PQ12 linear actuator. b)
Actuator with replaced gearmotor. c) 3D printed actuator housing. d) Assembled actuation mechanism with
attached cables and eye hooks.

An actuator housing was designed using CAD and manufactured using an Objet Eden 260V
3D printer (Figure 4.4c). The housing provided the necessary tube geometry required to guide the
strings to pull radially inward on the bell structure. Small notches were included in the housing
design to ensure the strings were evenly distributed around the circumference of the tube. The
designed housing also allowed for the linear actuator to easily slide in and out for easy assembly
(Figure 4.4d). Waterproofing was done inside and outside the Firgelli actuator to extend its
underwater operating time. Silicone grease (AGS Sil-Glyde) was applied surrounding the DC
motor and inside the Firgelli casing, and a super hydrophobic coating (Rust-Oleum NeverWet)
was applied to the outside of the Firgelli casing.
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4.2 Methods and Materials
The 4 parameters which make up a single cycle of the swimming gait of a jetter were shown
in Figure 3.8: the contraction phase, cruise period, relaxation phase, and the wait period in between
cycles. From Section 3.2, a partial optimization of this swimming gait was performed by varying
the cruise and wait times of JetPRo. It was determined that setting the wait time (WT) and cruise
time (CT) to zero allowed for the most proficient swimming gait achievable through variation of
only those parameters. In the experiments described below, all 4 parameters mentioned above were
explored in an attempt to fully optimize JP2.
Preliminary waterproofing and swim tests were performed on JP2 by placing it in a tank
and allowing upward swimming to take place using arbitrary contraction/relaxation parameters.
Once JP2 was deemed sufficient enough to be fully tested, a combination of theoretical modeling
and experimental verification was performed in an attempt to optimize its swimming gait.

4.2.1 Theoretical Jetting Model
Daniel’s theoretical model [26] was used to conduct a thorough optimization of JP2’s swimming
gait. JP2’s physical parameters, given in Table 4.1, were used as inputs into the model. Several
simulations were run in MATLAB to verify the optimum cruise and wait times, as well as
relaxation and contraction speeds for efficiency and proficiency. Please refer to Ref [3] for a more
thorough explanation.

4.2.2 Swimming Test Setup, Operating Parameters and Energy Calculations
A swimming experiment was designed to verify the results concluded by the theoretical
jetting model. As neutral buoyancy is often very difficult to achieve due to its extreme sensitivity,
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it was decided to test JP2 in a horizontal swimming configuration, thus allowing buoyancy to be
neglected. This was achieved by suspending JP2 from a cable system placed above water in a large
tow tank of a 70 ft length and 6 ft depth. A cart-bearing system was designed and manufactured
on which JP2 could be suspended from, unrestricting its motion in the horizontal direction. Two
steel cables of a 0.5 mm diameter were fastened to rigid aluminum brackets clamped to the sides
of the tow tank over a distance of 25 ft (to ensure steady state swimming was reached). The wires
were then tensioned using geared wire tensioners and the cart-bearing system with the suspended
robot was then placed upon the steel wires and electrically connected to an external motor
controller system consisting of an H-bridge circuit, microcontroller, and power supply. A Sony
NEX-6 camera with a 25mm/f2.8 lens was placed above the experimental setup in order to track
the robot’s position over time at 60 frames/s and a 1080p resolution. Additionally, power
consumption of the robot was monitored over time at 5000 samples/s by measuring the voltage
drop across a shunt resistor placed in series with the H-bridge using a National Instruments 9215
data acquisition card. A diagram of the experimental setup is shown in Figure 4.5 and images from
the test setup are shown in Figure 4.6.
In order to control the operating parameters to be tested, a simple controller system was
used to actuate JP2 consisting of an Arduino UNO microcontroller unit paired with an H-bridge
circuit. Using the onboard limit switches of the Firgelli PQ12 linear actuator, the time difference
between the extended and contracted positions of the actuator shaft could be calculated in real time
in order to ensure proper timing of the contraction and relaxation durations.

53

Figure 4.5: Schematic diagram of the experimental setup in a tow tank.

Figure 4.6: Images from experimental setup. Cart system with suspended robot a) out of water and b)
underwater.
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4.3 Results and Discussion
4.3.1 Optimization through Theoretical Model
From the simulation results discussed in Section 3.3, it was shown that with the given
relaxation and contraction times of JetPRo, the optimum swimming gait could be achieved by
setting the cruise time (CT) and wait time (WT) to zero. To further verify these results, 12,100
simulations were run using a MATLAB script to ensure that given any combination of relaxation
time and contraction time, setting CT and WT to zero would allow for the most proficient and
efficient swimming gait. Figure 4.7 shows the results of these simulations, in which combinations
of contraction and relaxation times (from 100ms to 1000ms in 100ms increments) were varied
alongside combinations of CT plus WT (from 0 to 1000ms in 100ms increments).
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Figure 4.7: Efficiency and proficiency optimization for combinations of relaxation and contraction speeds vs.
cruise+wait time [3].
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From Figure 4.7, it can be seen that given any combination of relaxation and contraction
times, a CT+WT value of zero yields the most proficient and efficient swimming gait according
to Daniel’s model. From these results, further simulations were run to determine the optimum
efficiency and proficiency as a function of contraction time vs. relaxation time (Figure 4.8 and
Figure 4.9). It can be seen from Figure 4.8 that as contraction time approaches zero, a faster
swimming gait is achieved, as water would theoretically be expelled from the bell at a higher rate
causing a higher instantaneous thrust. From the efficiency results shown in Figure 4.9, it can be
seen that Daniel’s model predicts that for JP2, optimum efficiency can be achieved by keeping the
relaxation to contraction time ratio at approximately 2.6:1. This ratio is most likely different for
jetters of different sizes and morphologies.
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Figure 4.8: Calculated proficiency vs. contraction and relaxation times. Red line indicates experimental space
selected for swimming tests based on JP2’s given relaxation time of 600 ms [3].
1000
12
10
8

600

6
400
4
200

Efficiency (%)

Relaxation time (ms)

800

2
Maximum
200

400

600

800

1000

0

Contraction time (ms)
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4.3.2 Swimming Test Results
From preliminary testing of JP2 underwater, it was observed that the robot was capable of
achieving a maximum 600 ms relaxation time. From the results obtained through the proficiency
and efficiency optimizations (Figure 4.8 and Figure 4.9), contraction speeds of 150, 200, 300, 400,
500, and 600 ms were selected to be experimentally tested, while holding the relaxation speed at
600 ms. The upper and lower physical limits of JP2’s contraction speeds were determined by
actuating the robot with varying pulse width modulation signals from the controller, sweeping
through 0-100% duty cycles at an applied voltage of 12V. These selected values span an
experimental space shown in Figure 4.8 and Figure 4.9 in which the simulations predict a
downward trend in proficiency and an up/down trend in efficiency with increasing contraction
time.
Twenty trials were performed for each experiment in which the cart-robot system was
placed at the far left end of the experimental setup and allowed to swim to the far right end while
simultaneously recording video of the swimming performance as well as power consumed by the
robot over time. The wires supplying power to JP2 were actively guided alongside the robot to
ensure no external forces were being applied. Video recordings of each experiment were tracked
using Adobe After Effects’ built in motion tracker and imported into MATLAB where the results
for each experiment were auto-correlated and averaged to provide JP2’s average displacement over
time for each contraction time tested. A time averaged power consumption was determined for
each individual test, and the robot’s overall average power consumption was determined by
averaging all trials from each contraction speed tested.
Figure 4.10 shows the average proficiency (bell diameter normalized velocity) over time
for each contraction time tested overlaid with simulation results. As predicted, a downward trend
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occurs in swimming proficiency as contraction time increases. It can be seen that a contraction
time of 150 ms results in the fastest swimming gait (10.22 cm/s) , while a contraction time of 600
ms results in the slowest (6.22 cm/s). A small increase in proficiency from 0.72 to 0.77 s-1 can be
seen from a contraction time of 400 to 500 ms (two sample t-test, p = 0.0033), which disagrees
with the trend in the model. Discrepancies between the model and the experiment can most likely
be attributed to the fact that the model is based on empirical equations and does not take into
account kinetic energy lost to the wake and other fluid phenomena. Also the drag coefficient value
for JP2 used in the simulation was an empirically based drag value given from Batchelor et al.
[33], and therefore may not be entirely accurate. However, for the purposes of these experiments,
we are only observing the trend.
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Figure 4.10: Average proficiency for each contraction time tested overlaid with results from experimental
model. Error bars = 1 standard deviation, n = 20 [3].

The electrical power consumption of JP2 is shown in Figure 4.11. It can be seen that as the
contraction time increases, the power consumption increases, indicating that from an electrical
standpoint, it is more energy efficient for the robot to swim at a higher cycle frequency than a
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lower one. This is contrary to what is observed by the model and observed in nature. According to
Colin et al. though jet propulsion is effective for fast velocities and accelerations, it is energetically
costly due to the energetic cost increasing as the square of the jellyfish’ velocity. However, this is
accounted for in prolate jetting jellyfish due to the low proportion of time they actually spend
swimming, compared to oblate rowing jellyfish, which spend most of their time cruising at low
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Figure 4.11: Electrical power consumption of JP2 for each contraction time tested. Error bars = 1 standard
deviation, n = 20. Green line shows a linear fit to the experimental data.
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Since Daniel’s model only accounts for hydrodynamic efficiency, it is difficult to make
direct comparisons between the efficiency results concluded by the model versus the experiment.
Nonetheless, the experimental power consumption results provide some important insight into the
difference between electrical motor actuators and biological muscles. In biological systems, such
as jellyfish, it is more costly to continuously actuate at high frequencies due to the physical and
metabolic constraints [12]. Thus jetting jellyfish often undergo very few swimming cycles at a
time compared to rowers. However, in an engineered vehicle using electrical DC actuation, it
seems to be less costly to actuate at higher frequencies. This is most likely due to the increased
time duration of higher torque being applied to the DC motor during slower swimming frequencies,
directly affecting the current draw to the motor. With regards to the swimming experiments on
JP2, this suggests that the most proficient swimming gait (150 ms contraction, 600 ms contraction)
is also conveniently the most electrically efficient.

4.4 Chapter Summary and Conclusions
A jetting jellyfish robot inspired by Sarsia tubulosa was developed and analyzed. The
robot, named JP2, consists of a flexible silicone bell structure actuated by a micro DC linear
actuator paired with a guided-cable mechanisms. JP2 is an improvement of the robot presented in
Chapter 3 (JetPRo), and was designed to be more biomimetic and capable of varying more
experimental parameters to allow for a further optimization of its jetting gait. Using Daniel’s model
( [26]), simulations were performed allowing optimization of the robot’s full swimming gait
through the adjustment of temporal parameters (cruise, wait, contraction, and relaxation times). It
was shown that for any combination of contraction and relaxation times, cruise and wait times of
zero were necessary to provide the most desirable swimming gait (highest efficiency and
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proficiency). Additionally it was shown that decreasing contraction time led to a more proficient
gait. To achieve maximum hydrodynamic efficiency, the simulations predicted a relaxation to
contraction time ratio of 2.6:1.
The simulation results were tested experimentally through a horizontal swimming
configuration by suspending JP2 from a cable-car setup placed in a large tow tank. Contraction
times were varied from 150 ms to 600 ms, while relaxation time was held at 600 ms. From the
experiments, it was verified that minimizing the contraction time provided the most proficient
swimming gait, as predicted by the model. JP2 was able to swim at a maximum velocity of 10.22
cm/s. Direct comparisons between the electrical efficiency and hydrodynamic efficiency between
the experiments and simulations could not be made. However, from electrical power consumption
data taken during experiments, it was observed that as the contraction time decreases, electrical
power consumption decreases, indicating that from an electrical standpoint, it is more energy
efficient for the robot to swim at a higher cycle frequency than a lower one, contrary to what is
seen in nature.
Although the experimental results with regards to proficiency agree with the model, there
is still much room for improvement and further exploration into jetting. A direct approach towards
measuring hydrodynamic efficiency is needed in order to more thoroughly verify the model.
Additionally, other parameters have not yet been investigated, such as the effect of scaling,
morphology, and mass on efficiency and proficiency. Also, Daniel’s model does not take into
account other important fluid phenomena which are essential for jetting, such as vortex formation
and wake kinematics. These parameters can certainly be augmented through investigation into bell
material stiffness and the addition of a velum.
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Chapter 5 : A Multi-Jet UUV Inspired by Siphonophores
Siphonophorae are an order of invertebrate underwater organisms belonging to the phylum
Cnidaria, which includes familiar sea creatures such as jellyfish, sea anemones, and polyps. The
most interesting aspects of the siphonophore include its colonial organization and control, its
morphology and ability to regenerate, and its highly organized multi-modal propulsion system
which allows full directional control as well as buoyancy control [34]. In this chapter, the
siphonophore (Figure 5.1) was investigated for its feasibility as inspiration for developing an
underwater vehicle, focusing mainly on its unique colonial jet propulsion mechanism. A
siphonophore-inspired robot was designed, developed, and preliminarily characterization was
conducted in order to evaluate the feasibility of multi-jet underwater propulsion.

Figure 5.1: Image of Marrus orthocanna species of siphonophore. C. Dunn, "Siphonophores," [Online].
Available: www.siphonophores.org. [Accessed 2014]. Used under fair use, 2014.
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5.1 Introduction to Siphonophores
Siphonophorae are an order of invertebrate underwater organisms belonging to the phylum
Cnidaria, which includes familiar sea creatures such as jellyfish, sea anemones, and polyps. The
siphonophore draws its uniqueness from its colonial organization. Though the organism appears
to be a single animal, it is actually made up of several organisms which act as individual
subsystems altogether keeping the siphonophore functional. These subsystems, or “zooids”, divide
the siphonophore’s task of living into four main groups: movement, feeding, reproduction, and
defense. The zooids arrange themselves on a central stem connecting the entire organism into a
single unit. The organization of the zooids is geometrically complex while maintaining radial and
bilateral symmetry [34]. Different species of siphonophores range in size and morphology, from
several millimeters to 40 meters in length, making it one of the longest underwater animals ever
reported [35].

5.1.1 Siphonophore Anatomy and Layout
A diagram depicting the basic anatomy of siphonophore is shown in Figure 5.2. As shown
in the figure, the flexible “stem” acts as the main scaffolding for the organism, to which all zooids
are attached. The upper half of the siphonophore, called the “nectosome”, contains only zooids
that are responsible for movement and propulsion. These propulsive zooids are called
“nectophores”, which are individual jet-propulsion nodes. Additionally, the nectosome houses the
“pneumatophore”, which is a gas-filled buoyancy chamber which acts to reorient the siphonophore
to an upright position [34]. The lower half of the organism, or the “siphosome”, contains all other
zooids, responsible for reproduction, feeding, and defense. The siphonophore reproduces via an
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asexual budding process, where new zooids are formed right below the pneumatophore and
gradually move down the stem [36].

Figure 5.2: Diagram of siphonophore anatomical layout. C. Dunn, "Siphonophores," [Online]. Available:
www.siphonophores.org. [Accessed 2014]. Used under fair use, 2014.

5.1.2 Propulsion Mechanism of Siphonophores
A key area of interest in this study from an engineering standpoint is the propulsion
mechanism utilized by siphonophores. Underwater jet propulsion is a common type of locomotion
found in many sea creatures including jellyfish, octopus, squid, but not in a colonial manner as
found in siphonophores [36]. In siphonophores, a single nectophore closely resembles the jetting
body of the jellyfish explained earlier. As a nectosome can contain hundreds of nectophores, the
locomotion principles governing the motion of a siphonophore are much more complex compared
to a single jetting body, leading to many unique swimming gaits. Mackie et al. described several
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locomotory modes of the siphonophore species Nonomia cara. In their observations they
determined that Nonomia underwent patterns of forward, backward, side-to-side, and continuous
oscillating (snake-like) motions by firing nectophores in both synchronous and asynchronous
timings while simultaneously adjusting the velar aperture of each nectophore [34]. Many jetting
organisms in nature, including siphonophores, also contain a “velum”, which can be described as
a flexible, nozzle like structure which augments vortex formation and can allow for the induced
jet to be steered, allowing for directional control [10]. Though an induced jet can be formed without
a velum, it has been shown to aid in the efficiency of jetting organisms as it can greatly increase
the vortex formation number up to 8 [10]. Mackie et al. observed that siphonophores are able to
actively control the velum of each nectophore during swimming, most notably to achieve
backward thrust [34].
Though much work has been done to quantify single-body jetting propulsion in nature,
many other factors must be accounted for explaining the multi-body jetting found in
siphonophores, including the effects of the close proximity of each nectophore which greatly
affects vortex formation and interaction. The control system that governs the timing of each
nectophore contraction is briefly described by Mackie et al. [34]. In their simplified model of the
siphonophore control network, different nectophores are connected via various signal pathways
depending on their location in the nectosome. In doing so, a single signal can be sent to several
nectosomes to indicate when to pulse. This however does not fully describe the intricacies and
complexities governing the entire behavior. More quantitative work must be performed regarding
the timing on the nectophores and the colonial control network in order to gain deeper insight of
the entire propulsion mechanism. This is a difficult task as siphonophores are extremely delicate
species to perform experimentation upon. However, with the aid of an engineered system that
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mimics the networked propulsion mechanism, experimentation and testing could be systematically
conducted to elucidate the effect of parameters of interest.

5.2 Design of a Siphonophore-inspired UUV
The siphonophore is a particularly interesting candidate for a UUV due to several
attributes, including its colonial and modular organization, soft tissue composition (aiding stealth),
and its propulsion mechanism, which allows it to perform complex motions based on a simple
jetting principle. Many engineering goals and challenges arise when realizing such a vehicle. The
siphonophore contains no rotating parts, is extremely fragile yet flexible, can operate at great
depths, and contains a complex neural network for coordinated locomotion amongst nectophores
[36].
From a robotic engineering standpoint, the siphonophore model can be expanded to provide
inspiration for a colonially organized/swarming robot, where each nectophore can potentially
detach from the main stem and behave independently from the full system. In this configuration,
a robot could be deployed in the ocean as a full colony and swim to a desired location, where it
then could allow the individual nectophores (or nodes) to detach from the central stem and conduct
a surveillance mission. Upon completion of a mission, the nodes could reorganize and reconfigure
themselves back onto the stem to recharge and allow collected data to be compiled and processed.
Drawing inspiration from this concept and in the interest of acquiring a more thorough
understanding of multi-jet propulsion, a first generation siphonophore-inspired robot was
designed, fabricated, and tested. The completed robot is shown in Figure 5.3, and consists of
detachable, modular “pods” which can be individually actuated. Each pod houses 2 servos and 2
deformable bell structures (“nodes”). The pods have the ability to swim independently, or in a
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chain-like configuration. During testing, buoyancy chambers are attached to each pod to allow the
robot to swim horizontally. Physical specifications for a single pod are listed in Table 5.1.
.

Figure 5.3: Image of completed Siphonophore-inspired robot above water in 3-pod chain configuration.
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Table 5.1: Physical specifications of a single pod.

Parameters
Node orifice diameter - relaxed (cm)
Node orifice diameter - contracted (cm)
Node height (cm)
Mass - pod (g)
Mass – buoyancy chamber (g)
Mass – microcontroller & mount (g)
Node subumbrellar volume - relaxed (cm3)

Values
4.67
2.87
5.52
84
28
20
60

Node subumbrellar volume - contracted (cm3)
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Displaced water during contraction of 1 bell (cm3)

23

5.2.1 Design Guidelines and Requirements
A basic siphonophore colony exists on the centimeter scale, with a nectophore measuring
only several millimeters in diameter and can be extremely geometrically complicated due to many
intricate three-dimensional features [36]. Therefore, many simplifications and assumptions had to
be made prior to the design of the robot. It was assumed that the scale of the robot would be much
greater than that of the natural animal, due to physical limitations of standard off-the-shelf
actuators, as well as manufacturing limitations. Additionally, it was decided to design the robot in
a horizontal-swimming configuration, with all jetting bodies lying within the same horizontal
plane, eliminating three-dimensional thrust parameters and other geometric complexities.
The goals of the design were to create an underwater robot which utilizes multiple,
individually controlled, jetting bodies to achieve horizontal underwater locomotion capable of
demonstrating swimming gaits inspired by the natural animal. Additionally, it was desired to have
a modular configuration, allowing swimming to be possible with any number of jetting bodies,
providing a preliminary demonstration of a colonially organized robot.
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5.2.2 Jetting “Pod” Design and Controller
From the knowledge gained from previous experiments on the design of jellyfish-inspired
jetting robots, a 2 node jetting “pod” was designed (Figure 5.4). The form factor of the pod design
was loosely based on the siphonophore Marrus orthocanna (Figure 5.1), due to its planar
organization of nectophores. Exact mimicry of the natural animal was not necessary as the main
goal of the design was to conduct basic experiments on the additive thrust production. Traxxas
2065 Sub-micro waterproof servos were selected as the actuation mechanism due to their small
form factor, torque specifications, ease of use, and most importantly, robust waterproofing. The
servos were placed in the center of a 3D printed central housing (Figure 5.5a), which was designed
to be streamlined and compact. In order to transmit the servo rotation to volumetric deformation,
flexible jetting cavities were designed using the same procedure discussed in Section 4.1.1, where
a wireframe cage was formed around a custom-made hollow stem and surrounded with a silicone
skin (Figure 5.5b, c, d). High tension fishing line was fixed to the 6 ends of the wireframe cage,
and passed through the center of the hollow stem where it was fixed a servo horn (Figure 5.5e).
The jetting bodies were then epoxied to the pod’s central housing to form a completed unit (Figure
5.5f).
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Figure 5.4: CAD model of a single jetting pod. The design consists of 2 jetting bodies (or nodes) affixed to a
central housing. Actuation was performed by 2 waterproof servos which deform the jetting bodies using a
guided-cable transmission mechanism. Scale bar = 9.5 cm.

Figure 5.5: Assembly process of a single pod. a) Waterproof servos were placed in central housing. b) Steel
dowels were placed inside a custom made tube at equal spacing. c) Steel dowels were bent and fixed to a holder
to form a bell structure. d) A silicone skin was glued to the wireframe cage. e) High tension fishing line was
crimped, knotted, and fixed to the ends of the bell. f) Entire system was assembled with servo horns attached
to string mechanism.
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A simple electronic control circuit was fabricated using a Teensy 2.0 microcontroller
platform (Arduino compatible). The microcontroller was soldered to a perf-board and necessary
pin-outs were added to allow for the attachment and control of 6 separate servos (Figure 5.6).
Power management for the servos was handled off-board using a power supply in order to lighten
the mass of the control circuit which would be placed onboard a pod above water.

Figure 5.6: Image of robot control circuit based on the Teensy 2.0 microcontroller.

5.2.3 Modular Chain Configuration
A basic functionality test was run on the designed pod to ensure it could survive underwater
and produce thrust. Next, two additional identical pods were manufactured and organized in a
chain configuration (Figure 5.7). The pods were fixed to a central stem made from 3 strands of
0.25” spring steel, allowing flexibility between pods only in side-to-side motion. The pods could
be easily attached or detached from the central stem by sliding them on or off the spring steel stem.
Small plastic clips were used to hold each pod in place. The pods were spaced on the stem with a
2.5” gap. An isometric CAD view of the chain configuration is shown in Figure 5.8.
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Figure 5.7: CAD drawing of chain configuration of robot with labeled parts.

Figure 5.8: Isometric CAD view of robot in chain configuration.
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5.3 Methods and Materials
Swimming tests were conducted in a large aquarium tank in order to quantify the
performance capabilities of the robot and to obtain qualitative results regarding the feasibility of
multi-jet propulsion. The primary goals of the swim tests were to demonstrate various multi-jet
swimming gaits for both a single pod as well as for a chain configuration of both 2 pods, and 3
pods.

5.3.1 Tank Test Experimental Setup
Prior to any experimental testing, buoyancy chambers were designed and fabricated for
each pod to be suspended from, allowing the pods to be fully submerged underwater but not sink.
The buoyancy chambers were manufactured using a Makerbot Replicator 2 3D printer, using a
10% density infill to ensure positive buoyancy. The shape of the chambers were designed to
minimize pitch and roll of a pod when swimming. A controller mount was also designed and
fabricated to allow for the microcontroller to be placed on board a pod, above water. The completed
pod with attached buoyancy chambers and controller is shown in Figure 5.9. The full chain
configuration of the robot is shown in Figure 5.3. Note that only one controller mount was
fabricated which was placed on the center pod during testing.
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Figure 5.9: Image of a single pod with attached buoyancy chambers and microcontroller mount.

A basic experiment was setup to quantify the swimming characteristics of the robot both
in a single pod configuration, as well as in multi-pod configurations (2 and 3 pod chains). The
experimental setup consisted of a Sony HDR-CX260V video camera suspended above a water
tank measuring 48” by 18” with a depth of 16”, where the robot was placed. The video camera
resolution was set to 1080p at a capture rate of 30 frames/s. Two lead wires (38 AWG) ran from
the microcontroller circuit to an external power supply providing the servos with 8V each. A power
monitoring circuit consisting of a 0.01 ohm shunt resistor was placed in series between the power
supply and microcontroller and monitored with a National Instruments 9215 DAQ system to
measure power consumption data over time. A diagram of the experimental setup is shown in
Figure 5.10.

75

Figure 5.10: Diagram of tank test experimental setup. Dotted yellow line surrounding additional pods indicates
the varying pod configurations.

5.3.2 Single Pod Swimming Test and Operating Parameters
A single pod configuration was tested first as a benchmark. Several different swimming
gaits were selected to be tested based on the observations from the natural animal. The selected
swimming gaits were: left and right node synchronous forward jetting (Figure 5.11), left or right
node only to achieve turning (Figure 5.12 a and b), and left/right node alternating forward jetting
(Figure 5.13). The relaxation and contraction times were set to 0.7s and 0.3s respectively, creating
a 2.3:1 ratio between relaxation and contraction. Cruise time and wait times (explained in Figure
3.8) were set to zero to optimize proficiency, creating a total cycle time of 1s.
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Figure 5.11: Diagram of synchronous forward swimming gait for single pod configuration. Green “o” symbols
indicate that node executes one complete cycle of relaxation and contraction before repeating. Blue spiral
symbols indicate that fluid is being ejected from node.

Figure 5.12: Diagram illustrating a) left or b) right node only swimming gait to achieve turning. Green “o”
symbols indicate that node executes one complete cycle of relaxation and contraction before repeating. Red “x”
indicates that node is not actuated.
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Figure 5.13: Diagram showing phases of left/right node alternating forward swimming gait. During T1, right
node completes one contraction/relaxation cycle. During T2, left node completes one contraction/relaxation
cycle before entire gait is repeated.

5.3.3 Multi-Pod Swimming Test and Operating Parameters
Following single pod testing, the pods were linked in a chain configuration of 2 and 3 pods.
Similar to the single pod test, several unique swimming gaits were selected to be tested based on
observations of the natural animal. In the case of the multi-pod tests, only forward swimming gaits
were attempted, as the water tank was not wide enough to accommodate turning. The selected gaits
were: all nodes jetting synchronously (Figure 5.14), left/right nodes alternating (Figure 5.15), and
a cascading jetting gait from pod to pod (Figure 5.16). The gaits were first tested in a 2 pod
configuration, and then in a 3 pod configuration.
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Figure 5.14: Diagram illustrating multi-jet synchronous jetting for a 3 pod configuration. Note that
synchronous jetting for 2 pod configuration is identical, sans the bottom pod. Green “o” symbols indicate that
node executes 1 complete cycle of relaxation and contraction before repeating. Blue spiral symbols indicate that
fluid is being ejected from node.

Figure 5.15: Diagram showing phases of left/right node alternating forward swimming gait. During T1, right
nodes complete one contraction/relaxation cycle. During T2, left nodes complete one contraction/relaxation
cycle before entire gait is repeated. Note that synchronous jetting for 2 pod configuration is identical, sans the
bottom pod. Green “o” symbols indicate that node executes 1 complete cycle of relaxation and contraction
before repeating. Red “x” indicates that node is not actuated.
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Figure 5.16: Time evolution diagram illustrating cascading jetting gait of a 3 pod configuration where only the
left and right nodes of a single pod are actuated at a time. T1 through T3 show the left and right nodes of pod
1-3 respectively completing one cycle before moving to the next frame. Note that for a 2 pod configuration, the
bottom pod, and T3 can be omitted.

5.4 Results and Discussion
5.4.1 Single and Multi-Pod Swimming Tests
Five experimental trials were performed for each of the selected single pod swimming gaits
in which the pod was actuated and filmed with the video camera while power consumption data
was simultaneously collected. Following experimentation, the robot was video tracked using
Adobe After Effects built-in motion tracking algorithm. Pixel location data over time was
processed using a MATLAB script to achieve displacement and velocity vs. time plots. The
average velocity of the pod for both the synchronous and alternating gaits were determined and
plotted as shown in Figure 5.17. For the left/right only turning gaits, an average turning radius of
22.7 cm was determined using video tracking. The average velocity of the left/right only turning
gaits was also plotted in Figure 5.17. Average power consumption data was determined using a
MATLAB script and is shown in Figure 5.18 for each swimming gait.
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The same procedure was used to collect, process, and analyze the collected data for the
multi-pod experiments. The average velocities and power consumption for each swimming gait
for all pod configurations (including the single pod configuration) are also shown in Figure 5.17
and Figure 5.18 respectively. Note that for all of the swimming gaits the robot travels forward in
a straight line, except for the single pod turning gaits where the pod executes a turn with a 22.7 cm
turning radius.
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Figure 5.17: Average velocity for all tested swimming gaits of both single pod and multi pod configurations.
Error bars = 1 standard deviation, n = 5.
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Figure 5.18: Average power consumption for all tested swimming gaits of both single pod and multi pod
configurations. Error bars = 1 standard deviation, n=5.

From Figure 5.17, it can be seen that the single pod configuration overall is able to achieve
higher velocities, followed by the 2 pod and 3 pod configurations, descending in velocity
respectively. For the single pod and both of the multi pod configurations, it can be seen that the
synchronous swimming gait provides the highest average velocity compared to the other
swimming gaits. This can be expected since all nodes undergo contraction simultaneously, thereby
producing greater instantaneous thrust. As additional pods are added to the robotic configuration,
velocity decreases. This is likely due to the increase in overall drag as well as added inertia. It can
be seen from Figure 5.18 that power consumption is increased with the addition of more pods,
which is expected as more electrical power is input to the system with the addition of more servos.
These observations lead to the assumption that a single node configuration leads to the most energy
efficient method of propulsion. It is also worth noting that the left/right alternating gait (in all
configurations) retains relatively high velocities of between 82-95% of their respective
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synchronous gait, as well as a reduced power consumption between 73-86% of their respective
synchronous gait. Mackie et al. described that in some cases, a siphonophore utilizes this
alternating motion to initiate locomotion from a resting position before transitioning to another
swimming gait [34], indicating that perhaps this gait is more effective for acceleration from rest.
As a more appropriate means of comparison between swimming gaits, the cost of transport
for each gait/configuration is plotted in Figure 5.19. The cost of transport is defined as the input
power (P) to the system over the mass multiplied by velocity:

𝐶𝑂𝑇 =

𝑃
𝑚𝑉

(5.1)

This metric describes the energy required to move a vehicle or animal of a certain mass at a given
velocity, where 𝑃 is power in watts, 𝑚 is mass in kilograms, and 𝑉 is the velocity of the vehicle in
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Figure 5.19: Cost of transport for all tested swimming gaits of both single pod and multi pod configurations.
Error bars = 1 standard deviation, n = 5.
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From the cost of transport comparisons between robot configurations and varying
swimming gaits shown in Figure 5.19, there is no obvious trend amongst the gaits/configurations.
However, it can be seen that the synchronous gait for all configurations is the most costly method
of swimming, perhaps indicating that this gait should only be used for escape swimming. Looking
at the 3 pod configuration, there is a clear decreasing trend in cost from synchronous to alternating
(two sample t-test, p = 0.017) and from alternating to cascading gaits (two sample t-test, p = 2.2E5). From this observation, a preference for certain gaits over others can be hypothesized, especially
considering added drag and mass. With a longer body, and a more streamlined morphology, it is
perhaps preferable to use a cascading gait after reaching a steady state velocity, in order to lower
the energy demand for swimming, and perhaps the natural animal has evolved to take this into
account. It is worth reiterating that the design and experimentation processes of the robot are not
biomimetic enough to make adequate conclusions regarding the natural animal. However, these
observations do pose interesting questions regarding the nature of siphonophore propulsion,
especially regarding the evolutionary benefit to having a long body with more nodes.
Siphonophores in nature are much smaller than the developed robot, and therefore exist in much
smaller Reynolds number regime. Additionally, the organization and proximity between
nectophores (or nodes) on the natural animal is extremely tight and compact by comparison to the
robot, which greatly reduces drag [34]. These factors combined are likely to increase
hydrodynamic efficiency in the natural animal and should be explored further in future
experiments.
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5.5 Chapter Summary and Conclusions
In nature, siphonophores have a very high degree of control compared to other jetting
organisms, due to their multi-bodied propulsor [34]. The combination of multiple jetting bodies
can create very sophisticated, multidirectional swimming movements, ideal for fine control of a
UUV. Unlike jellyfish, the siphonophore utilize multiple jetting bodies, called nectophores, which
are placed around a central stem. In this chapter, a first-generation siphonophore-inspired robot
was designed, fabricated, and tested to demonstrate basic multi-jet concepts and to provide insight
regarding the feasibility of designing a practical multi-jet underwater vehicle, capable of robotic
modular deployment as well as control. The primary goal of this work was to introduce and explore
bio-inspired multi-jet robotic propulsion and to provide the groundwork for future designs and
experiments to be explored.
The designed robot consists of multiple “pods” which house 2 jetting nodes each, actuated
by waterproof servos. The pods were designed to be modular, allowing for them to swim on their
own, or in a chain configuration. Swimming tests were performed on the robot in order to quantify
and observe the robot’s capabilities, while also providing some insight into the effect and
controllability of having multiple jetting bodies on an underwater robot. Several swimming gaits,
inspired by the natural animal, were selected to be tested on various robotic configurations (1, 2,
and 3 pods). Experiments were run in which the robot was placed in a water tank, and tracked
using a video camera while simultaneously collecting power consumption data. The robot
demonstrated forward swimming capabilities with both single pod and multi pod configurations,
and also demonstrated the ability to turn at a radius of 22.7 cm in a single pod configuration.
From the collected data, it was shown that swimming velocity of the robot decreased with
an increasing number of pods, while power consumption increased. The most velocity proficient
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swimming gait was shown to be the synchronous gait (all nodes jetting simultaneously) for all
robot configurations, though it required the most input power. The left/right alternating gait was
also shown to be fairly proficient by comparison, with a reduced power consumption. For the
multi-pod configurations (2 and 3 pods) of robot, the cascading gait ranked last in velocity
proficiency, but required the least amount of input power. The cost of transport was calculated and
plotted for each configuration and gait providing insight to a preference of certain gaits over others.
The siphonophore-inspired robot described in this chapter was not intended to be
completely biomimetic, and much more experimentation can be performed. Therefore, no major
conclusions can be asserted regarding the natural animal, or the feasibility of creating a functional
UUV based on this concept. However, important questions can be raised from experimental
observations, such as: What is the benefit of having more nectophores/nodes? How does spacing
between nodes effect performance? When/why is one swimming gait preferred over another? How
does stiffness affect maneuverability? How does maneuverability change with more nodes?
From a robotics perspective, an underwater vehicle capable of modular detachment,
reorganization, and locomotion would be very useful, especially when conducting missions where
a large area would need to be surveyed. However, there is still much work that needs to be
performed in order to truly develop a realistic UUV of this type. Future work includes optimizing
morphology, scaling down actuators and reducing mass, and developing an adequate control
system to allow for autonomy. Though there is still much work that needs to be done in order to
achieve a functional multi-bodied jet propelled vehicle, this study provides insight into work that
can be done with current underwater propulsors to experiment with reconfiguration and
reorganization and how it affects performance and maneuverability of a vehicle.
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Chapter 6 : Conclusions
6.1 Overview
The work presented in this thesis explains the development, characterization, and
improvements of three different jellyfish-inspired jet propulsion robots, as well as the initial
development and conceptualization of a functional UUV inspired by siphonophores. A stationary
propulsive mechanism inspired by Sarsia tubulosa was shown to generate thrust and form the
characteristic vortex structures exhibited by the jetting jellyfish. An iris diaphragm paired with a
DC motor was used to transmit rotational motion into circumferential contraction, thereby
generating volumetric contraction. Although the propulsor was fixed to a test stand, it was shown
to be able to produce a maximum thrust of 5.1 N with a calculated vehicle efficiency of 0.17% and
proficiency of 4.8 s-1.
Using the iris diaphragm design, an attempt towards developing a free-swimming jellyfishinspired robot was made. The robot, named JetPRo, consisted of 2 main parts, a rigid upper
structure housing a small DC motor and iris diaphragm, and a flexible bell structure which
undergoes volumetric deformation upon actuation. Due to the physical limits of the robot and
controller limitations, 2 out of 4 parameters (wait time and cruise time) comprising the jetting gait
were optimized using theoretical modeling and validated experimentally. It was shown that setting
both the wait time and cruise time of the swimming gait to zero produced the highest proficiency
gait as a result of considering only those 2 parameters. JetPRo was able to swim at a maximum
velocity of 11.6 cm/s, leading to a proficiency of 2.03 s-1, thus outperforming current state-of-theart small-scale jellyfish robots.
Another jellyfish-inspired robot was developed, named JP2, with the goal of more closely
resembling Sarsia, and to allow a more thorough swimming optimization process. JP2 utilized a
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guided-cable mechanism paired with a micro DC linear actuator to achieve bell deformation. This
design allows for actuator components to be housed in the subumbrella structure of the robot,
thereby creating a more streamlined profile. Theoretical model simulations found that decreasing
contraction time led to a more proficient gait. From swimming experiments, JP2 was able to swim
at a maximum velocity of 10.22 cm/s when contraction time was minimized. It was also observed
that as the contraction time decreases, electrical power consumption decreased, indicating that
from an electrical standpoint, it is more energy efficient for the robot to swim at a higher cycle
frequency than a lower one, contrary to what is seen in nature.
Finally, a siphonophore-inspired robot was developed which mimics the multi-jet
propulsion mechanism utilized by the natural animal. The robot consists of modular “pod”
structures that house two jetting nodes. Waterproof servos were used to actuate the nodes through
a guided-cable mechanism. Several swimming gaits were applied to the robot through different
pod configurations. Through preliminary observations, it was shown that a synchronous swimming
gait leads to the most proficient swimming. With the addition of pods, velocity of the robot
decreases while power input increases. A preference for certain gaits over others was inferred
through observing the cost of transport for each configuration.

6.2 Limits of Current Technology
The overarching goal of this work was to analyze the feasibility of jellyfish-inspired
propulsion mechanisms for their use onboard UUVs. However, there is still much work to be done
before these unconventional propulsion systems can be fully realized. In nature, many factors come
into play regarding the reason behind the evolution of physical mechanisms. Animals have evolved
over time to become very maneuverable, efficient, and robust, while still requiring vital functions,
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such as feeding, respiration, mating, etc. Additionally, evolutionary constraints allow them to
achieve all of these feats without employing any rotating joints [37].

When

designing

jellyfish-inspired robots, many engineering goals and challenges arise. Though jellyfish may seem
like simple creatures, they contain no rotating parts, are extremely fragile yet flexible, can operate
at great depths, and retain the ability to feed and reproduce. From an engineering standpoint, these
criteria are extremely difficult, if not impossible, to replicate. From the robotic designs discussed
in this thesis, conventional rotating actuators have always been included, which have been paired
with different transmission mechanisms to achieve jellyfish-like propulsion. However, through
mechanical transmission process itself, energy is lost to friction and drag and flexibility is
hindered. In the natural animal, circumferential muscles are used to induce volumetric
deformation, bypassing any need for mechanical transmission of actuation. Currently however, no
technology exists that meets the capabilities of natural muscles. Artificial smart material muscles,
such as shape memory alloy or IPMCs, are promising technologies, however they are far from
good-enough solutions for use in UUV systems where long term, robust, and energy efficient use
is needed. Improvements to artificial muscle type actuators in strain, energy consumption, and
force output, must be made before we can expect unconventional propulsion mechanisms to
bypass, or even meet, the performance of current engineered solutions. Additionally, high power
density storage devices must be developed further which can fit in compact morphologies (and
ideally be flexible).

6.3 Future Scope
With regards to the research presented in this thesis, there is much room for improvement
and further expansion of functional jellyfish-inspired jetting propulsion. The proficiency of the
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discussed robots has shown to be comparable to the natural animal. For both JetPRo and JP2, the
ability to turn underwater was not demonstrated. Jetting jellyfish have the ability to turn and orient
themselves by actively adjusting their velum, causing an aimed jet [38]. In order to achieve this
from an engineering standpoint, it would require very precise, compact, and flexible actuators as
well as very precise fabrication techniques. Additionally, none of the robots discussed match their
natural counterparts in scale. Sarsia and siphonophore species exist within the centimeter scale,
and therefore cannot be truly compared to the developed robots due to Reynolds number
differences. Therefore, future work could be focused on scaling these robots down to observe the
effect of scaling on performance.
The overarching goal of this research is to create autonomous sensor nodes which can be
deployed and conduct ocean surveillance. Though this thesis primarily discusses propulsion, a
robust control and sensor network would also need to be developed to make this a reality. Swarm
robotic concepts could be applied to siphonophore-like robots to allow very interesting underwater
collective maneuverability and sensing. This could potentially create a very practical and adaptable
UUV capable of reconfiguration and reorganization. Though investigation into current state-ofthe-art technologies reveals that we are still a long way away from feasibly creating this type of
vehicle, inspiration from nature can help guide us to rethink current technologies and foster novel
ideas in engineering.

90

References
[1] K. Marut, C. Stewart, A. Villanueva, D. Avirovik and S. Priya, "A Biomimetic Jellyfishinspired Jet Propulsion System Using an Iris Mechanism," in Conference on Smart
Materials, Adaptive Structures and Intelligent Systems, Stone Mountain, GA, 2012.
[2] K. Marut, C. Stewart, A. Villanueva and S. Priya, "A Jellyfish-inspired Jet Propulsion
Robot (JetPRo) actuated by an iris mechanism," Smart Materials and Structures, vol. 22,
2013.
[3] C. Stewart, K. Marut and S. Priya, "Optimization of a Jellyfish-inspired Jetting Robot
Actuated Using a Guided Cable Mechanism," 2014. Not yet published.
[4] D. o. t. Navy, "The Department of the Navy 2004 The navy unmanned undersea vehicle
(UUV) master plan," 2004.
[5] L. Whitcomb, "Underwater robotics: Out of the research laboratory and into the field," in
Proceedings. ICRA'00. IEEE International Conference on Robotics and Automation, 2000.
[6] B. Allen, S. Roger, T. Austin, N. Forrester, R. Goldsborough, M. Purcell and C. von Alt.,
"REMUS: a small, low cost AUV; system description, field trials and performance
results.," in OCEANS'97. MTS/IEEE Conference Proceedings, 1997.
[7] G. Triantafyllou and M. Triantafyllou, "An efficient swimming machine ," Scientific
American , vol. 272, pp. 64-71, 1995.
[8] A. Villanueva, C. Smith and S. Priya, "A biomimetic robotic jellyfish (Robojelly) actuated
by shape memory allow composite actuators," Bioinspiration & Biomimetics, vol. 6, no. 3,
2011.
[9] E. Pennisi, "Manta machines ," Science, vol. 332, pp. 1028-1029, 2011.
[10] J. Dabiri, S. Colin and J. Costello, "Fast-swimming jellyfish exploit velar kinematics to
form an optimal vortex wake," Journal of Experimental Biology, vol. 209, pp. 2025-2033,
2006.
[11] M. Omori and M. Kitamura, "Taxonomic review of three Japanese species of edible
jellyfish (Scyphozoa: Rhizostomeae)," Plankton Biol. Ecol., vol. 51, pp. 35-6, 2004.
[12] S. Colin and J. Costello, "Morphology, swimming performance and propulsive mode of six
co-occurring hydromedusae," Journal of Experimental Biology, vol. 205, pp. 427-437,
2002.
[13] J. Dabiri, S. Colin and J. Costello, "Flow patterns generated by oblate medusan jellyfish:
field measurements and laboratory analyses," Journal of Experimental Biology, vol. 208, p.
1257–1265, 2005.
[14] M. Sahin, K. Mohseni and S. Colin, "The Numerical Comparison of Flow Patterns and
Propulsive Performances for the Hydromedusae Sarsia Tubulosa and Aequorea Victoria,"
Journal of Experimental Biology, vol. 212, pp. 2656-2667, 2009.
[15] J. Costello, S. Colin and J. Dabiri, "The medusan morphospace:phylogenetic constraints,
biomechanical solutions and ecological consequences," Inv.Biol., vol. 127, pp. 265-290,
2008.
[16] J. Dabiri, S. Colin, K. Katija and J. Costello, "A wake-based correlate of swimming
performance and foraging behavior in seven co-occurring jellyfish species," Journal of
Experimental Biology, vol. 213, no. 8, pp. 1217-1225, 2010.
91

[17] M. Gharib, E. Rambod and K. Shariff, "A universal time scale for vortex ring formation,"
Journal of Fluid Mechanics , vol. 360, pp. 121-40, 1998.
[18] A. Villanueva, S. Bresser, S. Chung, Y. Tadesse and S. Priya, "Villanueva, A., Bresser, S.,
Chung, S., Tadesse, Y., Priya, S.," in Electroactive Polymer Actuators and Devices
(EAPAD), San Diego, CA, 2009.
[19] J. Najem, S. Sarles, B. Akle and D. Leo, "Biomimetic jellyfish-inspired underwater vehicle
actuated by ionic polymer metal composite actuators," Smart Materials and Structures, vol.
21, 2012.
[20] J. Nawroth, H. Lee, A. Feinberg, C. Ripplinger, M. McCain, A. Grosberg, J. Dabiri and K.
Parker, "A tissue-engineered jellyfish with biomimetic propulsion ," Nature Biotechnology,
vol. 30, pp. 792-7, 2012.
[21] "AquaJelly," Festo, [Online]. Available: http://www.festo.com/cms/en_corp/9772.htm.
[Accessed March 2014].
[22] A. Villanueva, K. Marut, T. Michael and S. Priya, "Biomimetic autonomous robot inspired
by the Cyanea capillata (Cyro)," Bioinspiration & Biomimetics, vol. 8, 2013.
[23] S. Kim, C. Laschi and B. Trimmer, "Soft robotics: a bioinspired evolution in robotics,"
Trends in biotechnology, vol. 31, no. 5, pp. 287-294, 2013.
[24] S. Yeom and K. Oh, "A biomimetic jellyfish robot based on ionic polymer metal composite
actuators," Smart Materials and Structures, vol. 18, no. 8, 2009.
[25] Y. Yang, X. Ye and S. Guo, "A New Type of Jellyfish-Like Microbot," in International
Conference on Integration Technology, Shenzhen, China, 2007.
[26] T. Daniel, "Mechanics and energetics of medusan jet propulsion," Can. J.Zool, vol. 61, pp.
1406-1420, 1983.
[27] S. F. Hoerner, Fluid-dynamic drag; practical information on aerodynamic drag and
hydrodynamic resistance , Midland Park, N.J.: Hoerner, 1965.
[28] J. Dormand and P. Prince, "A family of embedded Runge-Kutta formulae," Journal of
Computational and Applied Mathematics, vol. 6, no. 1, p. 19–26, 1980.
[29] M. McHenry and J. Jed, "The ontogenetic scaling of hydrodynamics and swimming
performance in jellyfish (Aurelia aurita)," Journal of Experimental Biology, vol. 206, pp.
4125-4137, 2003.
[30] R. Alexander, Principles of Animal Locomotion, Princeton, New Jersey: Princeton
University Press, 2003.
[31] P. Krueger and M. Gharib, "The significance of vortex ring formation and nozzle exit overpressure to pulsatile jet propulsion ," Division of Engineering and Applied S, 2001.
[32] J. Dabiri and M. Gharib, "The role of optimal vortex formation in biological fluid
transport ," Proceedings of the Royal Society B-Biological Sciences , vol. 272, pp. 1557-60,
2005.
[33] G. K. Batchelor, An introduction to fluid dynamics, London: Cambridge University Press,
1967.
[34] G. Mackie, "Analysis of locomotion in a siphonophore colony," Proceedings of the Royal
Society of London. Series B. Biological Sciences , vol. 975, pp. 366-391, 1964.

92

[35] C. Dunn, "Siphonophores," [Online]. Available: www.siphonophores.org. [Accessed
2014].
[36] G. Mackie, R. Pugh and J. Purcell, Siphonophore Biology, Advances in Marine Biology,
1987, pp. 97-262.
[37] M. Sitti, A. I. A. Menciassi, L. Kin Huat and S. Kim, "Survey and Introduction to the
Focused Section on Bio-Inspired Mechatronics," IEEE/ASME Transactions on
Mechatronics, vol. 18, no. 2, pp. 409-418, 213.
[38] S. Colin, J. Costello, K. Katija, J. Seymour and K. Kierfer, "Propulsion in Cubomedusae:
Mechanisms and Utility," PLOS One, 2013.
[39] B. Seibel and J. Drazen, "The rate of metabolism in marine animals: environmental
constraints, ecological demands and energetic opportunities," Philos Trans R Soc Lond B
Biol Sci., vol. 362, no. 1487, pp. 2061-78, 2007.
[40] S. Cook, New Zealand Coastal Marine Invertebrates Christchurch Volume 1, Christchurch:
Canterbury University Press, 2010, pp. 229-230.
[41] K. Mohseni, "Pulsatile vortex generators for low-speed maneuvering of small underwater
vehicles," Ocean Engineering, vol. 33, no. 16, pp. 2209-2223, 2006.
[42] Y. Wang, Z. Wang and J. Li, "Initial design of a biomimetic cuttlefish robot actuated by
SMA wires," in Third International Conference on Measuring Technology and
Mechatronics Automation, Shanghai, China, 2011.
[43] T. Daniel, "Cost of locomotion: Unsteady medusan swimming," Journal of Experimental
Biology, vol. 119, pp. 149-164, 1985.
[44] S. Colin and J. Costello, "Relationship between morphology and hydrodynamics during
swimming by the hydromedusae Aequorea victoria and Aglantha digitale," Sci. Mar., vol.
60, p. 35–42, 1996.
[45] P. Krishnamurthy, F. Khorrami, J. de Leeuw, M. Porter, K. Livingston and J. Long, "An
Electric Ray Inspired Biomimetic Autonomous Underwater Vehicle," in P Amer Contr
Conf , 2010.
[46] J. Dabiri and M. Gharib, "Starting flow through nozzles with temporally variable exit
diameter," J Fluid Mech, vol. 538, pp. 111-36, 2005.
[47] S. Vogel, Life in moving fluids: the physical biology of flow , Princeton, N.J.: Princeton
University Press, 1994.
[48] LaVision, " DaVis®," Goettingen, Germany.
[49] R. Adrian, "Dynamic ranges of velocity and spatial resolution of particle image
velocimetry ," Measurement Science & Technology , vol. 8, pp. 1393-8, 1997.
[50] M. Raffel, C. Willert and J. Kompenhans, Particle image velocimetry: a practical guide ,
Berlin; New York: Springer, 1998.
[51] J. Westerweel, "Efficient Detection of Spurious Vectors in Particle Image Velocimetry
Data ," Experiments in Fluids , vol. 16, pp. 236-47, 1994.
[52] D. Lipinski and K. Mohseni, "Flow structures and fluid transport for the hydromedusae
Sarsia tubulosa and Aequorea victoria," The Journal of Experimental Biology , vol. 212,
no. 15, pp. 2436-2447, 2009.

93

[53] M. Pagliaro, C. Rosaria and G. Palmisano, "Flexible solar cells," ChemSusChem, pp. 880891, 2008.
[54] S. Colin and C. J. , "Jellyfish Flow," NSF, 2006. [Online]. Available:
http://fox.rwu.edu/jellies/flowjetting.html. [Accessed March 2014].

94

