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Abstract: Several bio-inspired underwater robots have been demonstrated in the last few years that
can horizontally swim using different smart actuators. However, very few works have been presented
on robots which can swim vertically, have a payload and resemble a jellyfish-like creature. In this
work, we present the design, fabrication, and performance characterization of a new tethered robotic
jellyfish, which is based on inflatable soft pneumatic composite (SPC) actuators. These soft actuators
use compressed air to expand and contract, which help the robot to swim vertically in water. The soft
actuators consist of elastomeric air chambers and very thin steel springs, which contribute to gaining
faster motion of the biomimetic robot. A prototype of 220 mm in diameter and consisting of eight
actuating units was fabricated and tested underwater in a fish tank. It reached a height of 400 mm
within 2.5 s while carrying a dead weight of 100 g when tested at 70 psi (483 kPa) pressure. This
high performance (160 mm/s on average speed) suggests that faster motion with a payload can be
achieved by using SPC actuators. The inflatable structures help to flap the bell segments as well
as in buoyancy effect for rapid vertical motion. The major achievement of this work is the ability
to demonstrate a novel use of inflatable structures and biomimetic flapping wings for fast motion
in water. The experimental and deduced data from this work can be used for the design of future
small unmanned underwater vehicles (UUVs). This work adds a new robot to the design space of
biomimetic jellyfish-like soft robots. Such kind of vehicle design might also be useful for transporting
objects underwater effectively.

Keywords: biomimetic robots; jellyfish; artificial muscles; artificial life; swimming robot; soft robot

1. Introduction

Biomimetics implies the study of anatomy and mechanisms present in nature and creating a
model or system using synthetic materials for solving complex engineering problems. This approach
is crucial for advancements in science and technology [1]. Soft robotics is one such field, which focuses
on replicating the movement of biological creatures using soft synthetic materials. Compared to soft
robots, conventional robots have rigid structures that limit their motions. Soft robotics brings in a
new dimension of motion due to soft robots’ fluidic movement and many degrees of freedom [2-4].
Pneumatic networks (Pneu-Nets) are fluidic actuators, which bend with the help of compressed air [5-7],
their motion direction can be controlled by changing the design and placement of the inextensible
layer. The wall thickness and the size of the chamber affect the motion and the time required to inflate
it completely [8,9]. Based on this, many biomimicry related studies and inventions have been made,
such as a soft robotic tongue [10], soft robotic manipulators [11], a quadruped [12], an octobot (a soft
robot with microfluidic controller) [13], a snake-like robot and a self-contained robotic fish [14]. Soft
robotics is not only limited to biomimicry, but also has been extended to wearable devices to help the
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rehabilitation of physically impaired individuals. Thumb assistance and ankle foot rehabilitation are a
few examples of soft wearable devices [15].

Most of the biomimetic underwater robots presented in the literature are based on the common
fishes (Tuna, carp, and catfish). However, jellyfish species have been considered by researchers in recent
years. Based on the swimming mechanism, jellyfish can be categorized into two types, called Prolate
and Oblate. Prolate species use jetting type and Oblate species use rowing type of propulsion [16].
Jellyfish of different species have been chosen for biomimicry due to their energy efficiency during
swimming, the ability to incorporate payload and the ability to select various sizes for a model vehicle
since there are species that range from millimeter to meter scale. Biologist explained that the motion of
a jellyfish is due to the contraction of the bell and expulsion of fluid through the bell to generate a
thrust [16]. The movement of the bell and the flow pattern produces unsteady vortices, which are also
highly responsible for its motion. Previously developed jellyfish-like robots have used shape memory
alloy (SMA), ionic polymer metal composite (IPMC) and electrical motors to mimic the bending motion.
An example of jellyfish developed using electric motor and linkage mechanisms is AquaJellies 2.0
developed by Festo Corp., which has elegant gliding motion through water [17]. Xiao et al. showed
the implementation of a jellyfish-like motion using servos and four six-bar linkage mechanism [18].
Villanueva et al. in 2009, presented a jellyfish named JetSum made of thin aluminum sheets actuated
using biometal fiber (a type of SMA). The jellyfish was able to mimic the motion of a natural jellyfish
with jetting type motion, the main challenge for that work was the high-power consumption for the
multiple SMAs [19]. A more biomimetic version, named Robojelly was introduced by Villanueva et
al. in 2011 [20]. Powering aspect has been investigated by Tadesse et al., in 2012 using composite
actuators consisting of multiwall carbon nanotubes, shape memory alloy, and platinum particles that
enable the utilization of fuel power such as hydrogen and oxygen gas [21]. Another large-size jellyfish
inspired by cyanea capillata species was developed using linear actuators in 2013 by Villanueva et
al. [22]. In the extremely small size, Guo et al. used IPMCs to develop a microrobot jellyfish. The
system was efficient in creating thrust but did not have the ability to carry payload [23]. Naworth et
al. showed a novel jellyfish created using chemically disassociated rat tissue and silicone polymer,
which responded to electrical field stimulation. They discussed the use of natural material and tissue
to create the jellyfish that was never done before [24]. However, the approach uses several chemicals
and may be challenging to implement in macroscale robotic systems. Recently, Frame et al., in 2018
showed a soft jellyfish robot that uses hydraulic systems (water based) for actuation using DC motor
pumps. It was demonstrated the robot performed successful field test in the ocean [25]. In our robot,
we used a pneumatic system using compressed air and the geometry of the tentacles are also different,
they used oblong shape to compensate unequal flow of water in their tentacle design. However, we
used a single compartment design for our prototype presented in this study.

The principal movement mechanism in jellyfish-like robots is thrust generation by jetting motion
of the fluid beneath the robot. The objective of this paper is to investigate the performance of a
jellyfish-like robot such as vertical movement in a fish tank, cyclic motion and deformation with and
without payload at different heights in a water column. Payload and swimming ability are important
characteristics of such robots when it comes to moving an object from point A to B in water. In this
work, we used soft pneumatic composite (SPC) actuators to produce the contraction and expansion of
the bell. These are completely different from the SMAs [19], SMA composite (BISMAC) [26], servos [22]
and conducting polymers [27] which our group and collaborators used before. We called the prototype
Fludo]Jelly and it is powered by an air compressor, which inflates the actuators and bends them to
create a smooth motion. The actuation required a quick pulse input followed by recovery phase. The
thrust was generated in the quick actuation phase followed by a gradual relaxation phase. Position
and velocity were measured under different input conditions. Sung-Weon et al. discussed a similar
bio-inspired pulse for the actuation of their IPMC actuated jellyfish [28]. The other interesting aspect of
this FludoJelly is the “inflatability” of the structure. Inflatable structures are found in various creatures
for various purposes. Figure 1A—C shows various jellyfish species, moon jellyfish (Aurelia aurita) that
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ranges from 100 to 400 mm, and true jellyfish, Mastigiidae (Phyllorhiza) that ranges from 300 to 600 mm.
Figure 1A is a colony of jellyfish-like creatures also known as Portuguese man-of-war (Physalia) and
the sizes range from 100 to 150 mm. This animal resembles a jellyfish, but it is not a single multicellular
organism (like the common jellyfish). It is a colony of small specialized animals. It has an inflated
structure at the top that enables it to float keeping the rest of the body to be under the water. The
species shown in Figure 1B,C do not have inflatable structures, rather they use an undulatory motion
of their bell for movement. Figure 1D-F show other animals with inflatable structures in their body. A
frog is a typical example that inflates its vocal sac to attract mates. Another example is a frigate bird
which has a wingspan of 2.3 m, and also other marine mammals such as a walrus which uses inflation
for buoyancy and to sleep better [29].

Figure 1. Jellyfish species and animals that have inflatable structures. (A) Portuguese man-of-war,
physalia, courtesy of Pixabay GmbH/Alicia Campbell; (B) Moon Jellyfish, Aurelia aurita, photo courtesy
of Armita Hamidji; (C) True Jellyfish, Mastigia, photo courtesy of Quin Marshall [30]; (D) Frog, Litoria
chloris [31]; (E) Frigatebirds, courtesy of Galapagos Conservation Trust, photographer Martin Partridge;
(F) Walrus, Odobenus rosmarus, photo courtesy of Pixabay GmbH/Sven Schlieter.

Considering the benefits of using soft composite and inflatable structures, we have designed
and developed the novel fluidic actuated robot, FludoJelly. This robot has a faster speed than the
existing prototypes while carrying a payload, which has not been demonstrated in any literature so
far. The core contribution of this work is the data obtained from the prototype using the experimental
method, the fabrication techniques, and the design. This data helps in creating such a fast-moving
jellyfish-like robot. The displacement of the robot while carrying a payload, the influence of pressure
on the deformation of the bell segment at different heights in a water column, and cyclic motion of the
robot while tethered are some of the key contributions.

The paper is organized as follows. First, we will describe the design of a single actuator and the
fabrication of the jellyfish prototype; we then describe the experimental setup and data collection.
Results and discussion will be the next, followed by the swimming test and comparison of the
swimming performance of our robot with existing prototypes. Conclusion and future works are
presented at the end.

2. Materials and Method

2.1. Soft Pneumatic Composite (SPC) Actuator

The pneumatic actuator is based on the actuator design originally developed by Harvard
University [32]. However, our actuator consists of one single chamber and thin spring steel in the outer
layer, which inflates to create a bending motion. To create the bending motion an inextensible material
is embedded into the soft material. Paper and PDMS (polydimethylsiloxane) are commonly used as an
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inextensible layer in soft robots. The main idea behind designing the actuator was to have a maximum
thickness on the side and minimum thickness on the top to obtain the maximum utilization of the
amount of air entering the chamber. The pressure inside the chamber will follow the path of least
resistance, thereby inflating more from the top layer of the actuator compared to the sides. Figure 2A

shows the cross section and the side view of the actuator, which was made of two-piece mold and
casting silicone.
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Figure 2. Single soft pneumatic composite (SPC) actuator. (A) Schematic diagram of the actuator
from two views; (B) Actuation at different pressure (i) 0 psi before actuation, (ii) at 2 psi, (iii) at 7 psi;
(C) Pulsed actuation (i) at 0 psi 0 ms pulse duration, (ii) at 10 psi 100 ms pulse duration and (iii) at 10 psi
at 250 ms. The actuator geometry is 76 mm X 19 mm X 15 mm in length (L1), width (w1) X thickness (h).
The other dimensions are t1 = 2 mm, t2 = 3 mm, t4 = 5mm, t5 = 127 um, w2 = 12.7 mm, and w3 = 21 mm;
(D) Vertical movement of SPC actuator vs time.
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The silicone used for our actuator is Ecoflex-30, which has a shore hardness of 00-30, up to 900%
elongation at break, and a tensile strength of 200 psi (1.4 MPa) [33]. The new structure is the use of
spring steel (blue rectangle in Figure 2A) as the inextensible layer at the bottom. The advantage of
using spring steel is its spring-back effect. When a force is applied to a spring steel on one end and
released suddenly, it retracts to its original position quickly. This structure was effective for SMA based
systems as well [20]. In our case, the force is applied when compressed air is filled in the chambers.
The material of the spring is 1095 blue tempered steel with a thickness of 0.005” (t5 = 127 um) and a
width of 0.5” (wp = 12.7 mm). The leaf spring is embedded in a skin silicone. It takes 3-4 hours for
the silicone to fully cure under room temperature. A tube for inflation is inserted into the actuator
through a nipple extrusion and zip tie is wrapped around the nipple to hold the inserted tube in place.
Figure 2B shows the undeformed SPC actuator at the first column followed by the deformed shapes
of the actuator at pressure 2 and 7 psi (14 and 48 kPa). Figure 2C shows the inflated structure at
different actuation times 0, 0.1 and 0.25 s (video S1, supplementary file, Video S1 FludoJelly1, SPC
actuators.mp4). The vertical displacement is 22 mm as shown in the time domain plot in Figure 2D,
the left axis. When normalized with the length, the maximum vertical displacement is 28% as shown
in the right axis. The negative indicates the direction of bending.

The bending angle (0) of the actuator is a function of three parameters: geometry, input pressure
and material constants such as elasticity. This relation can be described by the equation obtained from

Onal et al. [34].
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L represents the length of the channel of the actuator and h denotes the height of the actuator
channel, ¢(o) is the strain of the actuator which is a nonlinear function of stress g, 1 is the number of
channels for multi-chambered actuator, in our case n = 1. Additionally,

h

c=P oy 2)
where ¢ is the stress developed due to internal pressure P supplied to the actuator and A# is the change
in height due to pressure of the actuator. From the above two equations (Equations (1) and (2)), the
bending angle of such actuator is dependent on pressure, geometry of the actuator, elastic constants in
a nonlinear manner [35,36]. The exact equation that predict the deformation is more complicated as the
actuator consists of multiple materials. However, the simplified equations will provide an insight on
the behavior of the actuator and guide the research. Our focus in this paper is mainly on experimental
investigation of the jellyfish-like robot. We do not provide rigorous equations and validation with
experimental data due to the complex nature of the problem.

2.2. Biomimetic Jellyfish Design

The design of the robotic structure is inspired from movement of the natural jellyfish similar
in overall structure as our previous prototypes. It has eight SPC actuators arranged radially like a
disc. The circular array of actuators is cast from a two-piece mold as shown in Figure 3A,B. The
leaf-springs are arranged in the same orientation as the actuators (Figure 3C). This approach improves
the swimming speed. The cast created earlier is then bonded with the silicone skin embedded with
spring steel seen in Figure 3D. The thickness of the skin is 3 mm. The main aim of the prototype is
to mimic the bell contraction and expansion movement to gain lift. Air is supplied through a single
tube through the center portion from an air compressor. The actuators bend downwards creating a
contracted bell like structure. Figure 3E,F shows the actuation before and after respectively. One of the
challenges faced in fabricating the structure was bonding the layers and sealing it. Depending on the
thickness of the air chamber, the trapped air during casting can give rise to small air bubbles in the
structure. These air bubbles can create pores causing leaks inside the air chamber. Such problems can
be avoided by casting silicone inside a vacuum chamber.
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Figure 3. Jellyfish inspired robot based on fluidic actuation and spring steels—FludoJelly.
(A) Computer-aided design (CAD) model of the 2-piece mold for casting the soft robotic jellyfish
structure; (B) elastomeric chambers created by the mold; (C) 1095 leaf spring embedded in silicone;
(D) Elastomeric chamber and leaf spring embedded together to form the bell; (E) Jellyfish in its deflated
phase or relaxation phase; (F) its inflated stage or contraction phase.

2.3. Experimental Setup for Testing Swimming

The swimming motion of the robotic jellyfish was tested using different cameras while the robot
was tethered underwater as shown in the schematic diagram in Figure 4A. These cameras were used
for characterizing and verifying the motions with different measurement conditions and at different
frame rates. A pressure control circuit was made to control the actuators as shown in the schematic
diagram in Figure 4B and the photograph of the setup is shown in Figure 4D. The air compressor used
here is single stage air compressor (California Air tools Model no. 202977393) which can generate a
maximum pressure of 120 psi. Solenoid valves (STC 2P025) were used to direct the air flow in the
pneumatic circuit, the valves were 2/2 valves and required a 12 V power supply. An external DC
power source was used to provide the required voltage. A MOSFET was used to act as a switch and
energizing the solenoid. A pressure sensor (Honeywell-ASDX AVX030PG2A5) was also installed in
the circuit for pressure readings. The data from the pressure sensor was collected from a National
Instruments data acquisition unit NI USB 8452 through LabVIEW program. The pressure sensor used
here is an I2C network interface digital output sensor.



Robotics 2019, 8, 56

Compressed air \

7 of 20

3D Camera

Clamp

AW
LTS

(A)

/ Arduino
/
‘ Air '
g‘ ] compressor
t - ‘ 7 v’ . Solenoid 2/2
i >/ - Solenoid 2/2 T N Valve
ﬁ’ /. Valve
[/ v | -
’ ﬂv - Pressure > Atmosphere
<l / / Sensor
_ /
“ich ta, g Actuator
Fish tank /
NI DAQ 8452
Camera
(B)
T
I | Period
r 1
)
Qo
8
Actuator =
0
>
Calibrated [ — T —— Time
Weights T T T
& Inflation Exhaust Inflation
(E)

Arduino .

/’
Pressure sensor

EhN P}
'l

Solenoid

-
-,
|

NI USB 8452

(D)

Figure 4. Experimental setup for testing (A) Position and velocity tracking of the FludoJelly; (B) Circuit
for actuation test; (C) Blocking force determination of the SPC actuator; (D) The photograph of the
actuation unit; (E) The input voltage given to the solenoid to control the flow.

The blocking force and free strain (the displacement) of a single SPC actuator at different loading
conditions was performed as shown in Figure 4C. Dead weights were attached to a pulley and
connected to the tip of the actuator. One end of the actuator was clamped, and the other end was
attached to calibrated weights using an inelastic wire. The wire was passed over a pulley to provide a
smooth movement. The deflection of the tip of the actuator was recorded corresponding to the original
position. The weights attached were from 10 g to 50 g in an increment of 10 g. A preliminary test was
done at a pressure of 7 psi and we obtained a deflection of 40, 30, 10, 8 and 7 mm corresponding to the
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loads (10, 20, 30, 40 and 50 g). Most of the experiments were done by providing a pulse actuation,
supplying the signal shown in Figure 4E to the solenoid and controlling the pressure.

The swimming motion of the prototype robot was done as follows: The prototype was actuated
by supplying air through an inflation and deflation system. The system was controlled using Arduino
Uno board. The pulse width of actuation of the solenoid was varied to see the effect in swimming. The
experiment was also conducted by sweeping the required supply pressure that will give the maximum
bending and the fastest movement. The actuation time or inflation time (Ti) was 500 ms and the
exhaust time or deflation time (Te) was 1200 ms.

All the swimming motion tests were performed using a glass fish tank of length 35” (889 mm),
width 18” (457 mm) and height 25” (635 mm). The circuit discussed before was used to actuate the
jellyfish and determine its properties. The first characterization experiment of the prototype was
carried out using a Kinect camera to track the positions. The images were acquired at 12 fps using a
camera through MATLAB. A red marker was placed on the FludoJelly to track the position in time.
The schematic diagram of the experiment is shown in the figure (Figure 4A). A weight of 50 gm was
added to the bottom of the prototype to make it neutrally buoyant. Later, a high frame rate camera
(Cannon) was used to test the fast motion while varying the supply pressure from 50 psi (345 kPa),
60 psi (414 kPa) and 70 psi (483 kPa). We added another load and tested the robot with 100 g load
payload and varying the pressure to see its performance under higher load.

One may think that the inflation of the fluidic compartment alone may yield floating of the
prototype. However, that is not the case because the jellyfish is carrying a heavy weight (100 g)
compared to its own weight (500 g). It will sink to the bottom of the fish tank and it needs to flap the
bell to swim vertically. The air supplied to the compartment helps in bending the bell segments, push
the water out, and create a vortex. Additionally, the volume change of the chamber will have an effect
in lifting the prototype upward (buoyancy effect). Therefore, the vertical swimming of the robot is a
contribution due to volume change as well as due to the bending of the actuator. To see the effect of
one of them, we secured the prototype at different height and tested the deflection (bending) due to the
pressure input. This will be discussed later.

3. Results and Discussion

3.1. Displacement Profile XY Trajectories of the SPC Actuators

To understand the behavior of the SPC actuator that is used in the robotic jellyfish, we analyzed
the displacement profile using a high speed camera (Phantom Miro eX2). Two circular markers
were placed, first at the end of the actuator and second at the mid-point of the actuator. The points
tracked through the camera were plotted in MATLAB and shown in Figure 5A and the trajectories are
shown in Figure 5B. To compare with the commonly used multi-chambered soft actuator PneuNet,
a prototype with 6 small chambers each 22 x 24 x 15 mm3
shown in Figure 5C. Two points were tracked like the previous case. The trajectories obtained are
shown in Figure 5D. Three points tracking of the actuator is shown in Figure 5E and the corresponding
trajectories are shown in Figure 5F. The two points and three points tracking were done to check the
trajectories along different points. It was observed that forward and backward trajectories of each of
these points are not the same. This is due to the slight hysteresis in the pneumatic system. More studies
on this structure should be done in the future to see the effect of geometry and materials. Trajectories

compartment were made and tested as

of the bell segments are one of the important aspects in the motion of robotic jellyfish [20,26,37], and so
we added the trajectories of the current actuators. In this work, we used a single chamber instead of a
multi-chamber arrangement because unequal expansion of the chambers and delay in inflation of the
successive chambers resulted in an undesired motion.
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Figure 5. Actuators and their XY trajectories: (A,B) Actuator 1 with single chamber and spring
steel, (C,D) Actuator 2 with multiple chambers and two point tracked, (E,F) Actuator 2 with multiple
chambers when three points are tracked along the edge.

3.2. Position Tracking During Swimming of the Fludojelly

The swimming motion of the Fludo]elly was analyzed from recorded videos using Phantom Miro,
camera at frame rate 50-1200 fps from experimental setup shown earlier. The videos were analyzed
and plotted in MATLAB. The result is shown in Figure 6A. FludoJelly was tested at three different
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pressures 50, 60 and 70 psi. The frequency of actuation was 0.83 Hz, actuation time of 0.25 s and
pacification time 1.2 s for all the experiments. This signal shown in Figure 4E was provided to the
solenoid keeping T; = 250 ms for contraction pulse and T, = 1200 ms for relaxation pulse. The result of
the swimming test in underwater environment is shown in Figure 6A. From the figure, we can say
that the prototype showed high slope in vertical motion (160 mm/s) with respect to time at higher
pressure 70 psi. It moved 500 mm from the initial position 100 mm (400 mm displacement) within 2.5 s.
We observed the motion of the prototype while carrying a payload mounted at the bottom (Video S2
FludoJelly2 100 g payload.mp4 supplementary). This was consistent with another swimming test
when the weight of the payload was 50 g. The result for 50 g load is not presented, but similar increase
in slope was obtained as the pressure was increased. The arrows in the figure show the initial position
of the robot during the vertical motion. In Figure 6B, the velocity of the robot tracked from an open
source tracking software [38] is shown. It was observed that as the pressure was increased from 50 psi
to 70 psi, the number of cycles needed to reach the top of the tank decreased. The scattered points
are due to tracking error of the video and can be ignored. However, the velocity harmonics for each
pressure test can be seen in the figure clearly. Photographs of the robot at different time intervals are
also shown in Figure 7. We did not study the vehicle from fluid dynamic point of view such as added
mass effect as explained in [39], but such theoretical framework will be essential to study such systems
and this is left to future works.
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Figure 6. Tracking the position (A) and velocity (B) of the prototype Fludo]elly at different pressure 50,
60 and 70 psi while carrying a dead weight of 100 gram.
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A 50psi

B. 60 psi Payload

Figure 7. Photograph of the robot while swimming carrying 100 g load at different supply pressure
(50(A), 60(B) and 70 psi(C)) using fast camera for motion capture. All the photos were taken at 1 s
intervals after it start moving.

The trajectory of the robot is not a perfect vertical motion (z-direction). The robot moves in the 3D
space slightly. As can be seen in Figure §, it moves in the x and y directions. Some bell segments inflate
more than others, and this creates some side movement of the robot. The variation is due do slight
differences in the thicknesses of the walls of the air compartments, which indicates that this variable
should be carefully designed. The results in Figure 8 are the motion trajectories obtained from high
speed camera recorded at 600 fps and plotted with Phantom Camera Control (PCC) software. Our high
speed camera, Phantom Miro can capture a video from 50-1200 fps, which can be selected depending

on the need.
(A) (B) ©)

Figure 8. Trajectory of FludoJelly recorded with speed camera and varying input pressure. (A) 50 Psi;
(B) 60 Psi; (C) 70 Psi.
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3.3. Cyclic Actuation of the Fludo]elly

To check the cyclic motion of the robot, tests were done by supplying constant pressure (50,
60 and 70 psi) with 100 g payload and controlling duration. The pulse period was 20% duty cycle
at 0.8 Hz frequency (250 ms on and 1000 ms off). The experiment was done as follows. The pulse
pressure was given until the prototype reached to the top of the fish tank. Once it reached the top,
the supply pressure was stopped allowing the prototype to sink. When it reached to the bottom of
the tank, another cycle of the pulse was provided, and this process was done three times. The results
for the three different cyclic pressures obtained from the tracking software are shown in Figure 9.
Video of the test is also provided as supplementary information (Video S3 Cyclic Swimming Fludo]elly
60 psi 1X.mp4). As can be seen in the figure, the effective height of 400 mm was obtained for all three
cycles and the frequency of swimming up and sinking down (one complete cycle) was 0.05 Hz. The
rising phase (orange shaded region in Figure 9) is the powered cycle due to the pulse air pressure
and the downward (blue region) is the sinking phase due to the attached weight, thereby making the
sinking-down cycle longer.

Cyclic actuation: swimming up and sinking 3 times
T I T

600 T

T 1

500

Position{mm)
w o
o [=)
o o

K
o
o

100

0 I I I I I |
0 10 20 30 40 50 60 70 80

Time(s)
Figure 9. Cyclic actuation of FludoJelly moving vertically and down in a fish tank when different
pressure is supplied at 50, 60 and 70 psi and carrying 100 gm mass payload.

3.4. Testing Deflection of the Bell at Different Height in A Water Column

In this test, the FludoJelly was fixed at a specific height inside the fish tank and the deflection of
the bell was measured using the camera. The purpose of this test is to investigate whether the water
height influenced the bell deformation and quantify the magnitude. The position of the actuator of the
FludoJelly is like a cantilever beam as shown in Figure 10A. The prototype was clamped as shown in
Figure 10B and kept inside the fish tank at a different height. The experimental setup consists of a
fish tank, the prototype, fixture, solenoid valves and actuation circuit. The actuation circuit consists
of Arduino Uno board, pressure sensors and the air compressor as seen in Figure 10C. The actuation
sequence was programmed and sent to the Arduino Uno board. The FludoJelly was then actuated at
heights of 150 mm, 300 mm and 450 mm, measured from the bottom of the fish tank by varying the
gauge pressure at 50, 60 and 70 psi at each height. The deflections of the bell were recorded using a
camera operated at 30 fps. Subsequently, an open source image processing software (Physlets Video
Tracker) was used to track a specific point marked on the FludoJelly and the results were obtained.
Figure 11A represents the deflection vs time characteristics obtained during the actuation of FludoJelly
at 150 mm height from the bottom of the fish tank. Here, we can see that the deflection of the bell
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increases as we increase the input air pressure (gauge pressure). A similar trend can be observed from
Figure 11B at height 300 mm and Figure 11C at height 450 mm. The importance of this figure (Figure 11)
is that it shows that the forward actuation is so quick due to the air pressure, whereas the return is
slower because the air slowly leaves the air chamber (it is not a forced flow). A percentage deflection at
each height and each pressure can be seen from Figure 12. The maximum deformation percentage of
the bell segment is 59% (the deflection is 45 mm and the length of the bell segment is 76 mm). From
this experiment, we can say that as we increase the height of the jellyfish position inside the fish tank,
the deflection of the FludoJelly also increases slightly. The minimum percentage deflection of 45%
was obtained at the height of 450 mm and 50 psi pressure. Supplementary video is provided for the
flapping characteristics at different height (Video S4 Height Deflection of the Bell 1.5X.mp4).

;
5

\ Fludojelly

/_\——'/Lf—\/
H*

WY AN
(
%
/

©

Figure 10. Experimental setup for testing bell deformation at specific height in a fish tank. (A) Schematic
diagram of the cantilever beam at various heights in water; (B) Experimental setup for the test and
(C) Jellyfish prototype with stand and clamp.
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Figure 11. Deflection profile at different height above the base of the fish tank (A) 150 mm, (B) 300 mm

and (C) 450 mm. The length of the bell is 76 mm and the deflection distance can be normalized by
the length.
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Pressure applied on FludoJelly at different height
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Figure 12. (A) Percentage deflection vs pressure of the bell (length 76 mm) at different heights in a
water column, (B) the pressure due to water height and the pressure applied through the compressor
showing the 100x order of magnitude difference.

Additionally, a maximum deflection of 46 mm was obtained at height of 450 mm and 70 psi
pressure. Theoretically, the pressure applied on the FludoJelly at different height can be found by the
following relation:

P =pgz ®)

where P is the pressure, p is density of the fluid, g is acceleration due to gravity and z is height of
the fluid.

From Figure 10A, we have H* which represents the total height of the fish tank, 635 mm. H
represents the total water level height, ~560 mm. The heights where the FludoJelly was clamped in the
fish tank during experiment were hy, hy and h3. Therefore, the pressure at height hlis P; = pg(H — h3)
which is less as compared to pressure acting at height #; and h,. Since the quantity (H — ) increases
from h3 to hy, the pressure increases as we go down in the fish tank. Hence, due to the increase in
pressure, less deflection is seen at the bottom position as compared to the top ones. This was observed
in the experimental results in Figure 11. We noticed that the applied pressure (50-70 psi, equivalent
to 3.45 X 10°-4.83 x 10° Pa) are much higher than the pressure due to the water height, which is
decreasing as the height increase (left axis of Figure 12B). The maximum pressure is 4 X 103 Pa, which
is 100 times less than the applied pressure. Therefore, the height is not the dominant factor in the fish
tank experiment.

3.5. Comparison of Fludojelly with Other Jellyfish-Like Prototypes

Compared to the previous robotic jellyfish prototypes, this design (FludoJelly) has the fastest
motion. This is due to the quick actuation of the bell segment using compressed air that results in
both buoyancy as well as flapping of the bell segment for swimming vertically, thanks to the SPC
actuators/architecture. A dedicated study on the contribution of buoyant force and thrust force due to
the flapping is needed since the inflatable flexible structure contributes for the two effects (flapping
and buoyancy). The topic is interesting, but it is beyond the scope of this project objective. There are
dedicated papers related to this topic and we direct readers to References [39,40]. The limitation of our
proposed actuation system for the robot is that the inflation of the chambers will change the density
of the entire robot, which may not be desired in some applications. Such density change should be
compensated for other desired directional movements. However, for vertical locomotion in water, the
proposed system is a great choice. For example, to save life of a drowned person such a vertically
swimming, fast jellyfish-like rescue robots might be a good choice. The proposed system could also be a
mode of transport that can be turned on and off as needed. Regarding vertical swimming, the graph in
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Figure 13 shows comparable prototypes and the swimming performance of the best biomimetic robotic
jellyfishes demonstrated to date, such as Robojelly [20] and the large-size robotic jellyfish Cryo [22].
We did not compare other types of robotic fish such as octopus-like robots, tuna-like robots, etc. There
are some interesting works in soft robot that operated based on pulsed-jetting propulsion [41,42] that
are related to the current work. Additionally, a review paper on aquatic robots are great resources
for referring the state-of-the-art marine robots [43]. We only compared jellyfish-like robots where
vertical swimming data are available. This was done to make the paper focused on jellyfish-like robots
and their swimming characteristics [18,20,44-47]. These robots have already shown the potential of
using them for the designs of underwater vehicles. The current prototype adds a new knowledge of
the robotic jellyfish using custom made pneumatic soft actuators and fills the gaps between different
design approaches. The experiments for the FludoJelly were all performed in a small fish tank that had
a maximum height of 635 mm, but future test will be performed in a taller tank. Moreover, testing of a
prototype will be performed with all the electronics and pressure source on board as one self-contained
module, as with a previous demonstration in a robotic fish [35].

Comparison of Vertical Swimming in Jellyfish-Like Robots — All Sizes
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Figure 13. Comparison of swimming jellyfish-like biomimetic soft robots. In the top graph (A) we
have compared with other prototypes in the literature. In the bottom graph (B) we have excluded
Cryo (2013) to obtain a zoomed version of the graph. All dimensions are in mm and the arrow lines
depict the size of the robots. (Note: vertical movement vs time data of some jellyfish-like robots are not
available or missing in publications, and therefore are not plotted here).
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3.6. Peripheral Components and Future Works

We showed the necessary material, geometry and performance relationship of a small robotic
jellyfish concentrating on actuation under load. The jellyfish inspired robotic system uses a compressed
air source for actuation and needs provision for actuation source. Therefore, we tried to incorporate
the whole actuation circuit and powering source into the jellyfish model. After a few design iterations,
considering the size of our robot (Figure 14A), we designed and 3-D printed the outer casing for
the model to protect the electronic circuit and other peripheral components. The diameter of the
self-contained structure is 140 mm in diameter mm and 190 mm in height. Its total weight is 1.7 kg
including all the electronics, battery, solenoid, canister and the silicone bell. One key component
used here is a 12 g CO; cylinder required to actuate the jellyfish untethered (Figure 14B). The
peripheral components include rechargeable battery, valves, solenoids, voltage regulator, XBEE
wireless communication module. However, the leakage of compressed gas and the limited gas amount
in the CO, cylinder allows the prototype to operate for only a few cycles. The current size of the
onboard actuation unit is shown in Figure 14C. Further research and development will be directed
towards the peripheral components, design (especially focusing on size and weight), directional
movements, closed loop control, and to performing field tests.

Figure 14. Self-contained structure for FludoJelly: (A) CAD design of the self-contained design, (B) the
prototype with circuits, battery, CO, cylinder and electronics housed in the main body and (C) test in
water of the self-contained jellyfish.

4. Conclusions

Inflatable structures found in nature were reviewed in this work. These structures provide some
advantages for animals to survive or adapt in terrestrial or aquatic environments. Here, we developed
elastomeric actuators with spring steels (soft pneumatic composite, SPC) and examine the performance,
e.g., trajectory and bending characteristics, of the structure. The inflation of the actuators causes
bending of the structure and enables flapping of the bell segment of the jellyfish-like robot, pushing
the surrounding water out and creating a vortex. The jellyfish-like robot Fludo]elly showed impressive
actuation characteristics as well as swimming performance. The prototype has 220 mm in diameter,
was able to carry a 100 g load and swim vertically at a speed of 160 mm/s when tested in a fish tank.
This prototype has the fastest motion in ascending vertically compared to the previous robotic jellyfish.
We tested the prototype at 50, 60 and 70 psi pressure magnitudes. In all cases, it showed less time
for ascending as the input pressure was increased during the test in a fish tank. Cyclic testing of
the prototype (for ascending and descending) inside a fish tank was also done for three cycles while
carrying a 100 g load. The ascending motion was faster due to the flapping of the bell segments
as well as buoyancy due to volume change, whereas the descending motion was relatively slower
as it was sinking only due to gravity. To check the flapping characteristics of the bell segment, we
secured the middle section of the FludoJelly and submerged it at specific heights in the water tank.
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We observed that as we increased the height, the deflection increased, and we obtained maximum
normalized deformation of 59%. Slight variation in geometry such as thickness and air trapped in the
elastomer could create unequal expansion of the chambers/actuators (Video S5 High Speed Camera 50
Psi Pressure 5x Slow Playback. mp4, supplementary). This was observed in some of the experiments
during testing, which can be avoided by creating distinct air passages with increased thickness of
the actuator wall during the construction of the SPC. A compressed gas source that lasts for a longer
period of swimming will be addressed in our future work. Currently, the robot is operated while
tethered. In order to change direction and swim in 3D, we will need to include additional pumps or
valves to control different segments of the bell, which is left for future work. We determined the basic
characteristics of the structure qualitatively and quantitatively. This was extremely useful in order for
the next version of the robot to be fully autonomous and operated by onboard compressed gas. In
addition, sensor integration and control will be the subjects of future research. Jellyfish species such as
Aurelia aurita is one of the most efficient swimmers on the planet [47] and more work should be done
to realize an underwater vehicle inspired by such species.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-6581/8/3/56/s1,
Video S1 FludoJelly1, SPC actuators.mp4; Video S2 FludoJelly2 100 g payload.mp4; Video S3 Cyclic Swimming
FludoJelly 60 psi 1X.mp4; Video 5S4 Height Deflection of the Bell 1.5X.mp4; Video S5 High Speed Camera 50 Psi
Pressure 5x Slow Playback. mp4.
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