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Abstract Bio-mimetic robots can provide better camou-
flage effect to explore the seabed by mimicking the swim-
ming locomotion of aquatic creatures. Jellyfish-like robot
is a type of unmanned underwater robot can help us ex-
plore marine ecosystems and complex underwater ecology
efficiently since they can swim steadily with its symmet-
rical structure that has been optimized in nature and gen-
erate sufficient jet propulsion with low power input. The
developed jellyfish robot in this paper exhibits contracting
muscle-like behaviour. It combines a dielectric elastomer
(DE) diaphragm actuator with a transmission mechanism,
which can provide compliant thrust force to propel the jel-
lyfish robot to transit through water. This paper presents the
design, fabrication, modeling, and experimental characteri-
zation of the novel jellyfish robot. A sawtooth signal with
specific amplitude and frequency is chosen as input signal
that leads to expansion and shrinking of the jellyfish bell.
The simulation results from the observed two steps in a cycle
of movement are quantitatively similar with the experimen-
tal outputs. A data-driven model is developed to capture the
vibration in the first step. The process of contracting the bell
and producing thrust force is captured by a physical model
in the second step. The preliminary results show the jellyfish
robot can swim underwater effectively in the vertical direc-
tion. The average speed of the robot is about 5 mm/s when a
sawtooth signal with 5 kV amplitude and 2 Hz frequency is
applied to the DE actuator.
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1 Introduction

Recently, the ecological system in the ocean is rapidly
changing due to global warming, pollution, over-fishing
and the destruction of marine structures [1]. Biomimetic
robots with high degrees of freedom, that can walk and
swim smoothly in water, are greatly needed for underwater
monitoring for applications such as pollution detection and
video mapping [2]. Soft marine robots have some tremen-
dous advantages in exploring and monitoring delicate ma-
rine ecosystems, like coral reefs without causing uninten-
tional damage to fragile objects. Based on the envisioned
underwater working conditions, jellyfish can be categorized
to be one of the best choices for its energy efficiency, ax-
isymmetric morphology, etc [3]. Jellyfish propulsive perfor-
mance is related to the shape of its bell which can produce a
combination of the vortex, rowing, and suction-based loco-
motion [4-7]. Jellyfish is capable of multiple types of loco-
motion with rhythmic motions of its umbrella bell, includ-
ing moving upward and downward, which enables itself to
adapt to various environmental conditions. Developing such
jellyfish-like robot will help us better understand and moni-
tor the oceanic environment and exploit marine resources.
The smart materials and advanced technology allow
these interesting robots to achieve jellyfish-like morphology
and movement. One of popular materials being utilized to
develop the jellyfish robot is ionic polymer metal composite
(IPMC) which can exhibit large dynamic deformation with
the changing electric field [8]. Many researchers developed
IPMCs which can provide actuation power and enlarged the
movement of the bell for the jellyfish [9, 10]. Shi et al. de-
veloped a new jellyfish-like microrobot using eight IPMC



Shengbin Wang, Zheng Chen*

actuators as legs to resolve the problem of asymmetry in
previous crawling microrobots [2]. However, the slow re-
sponse time of IPMC causes a low contraction frequency on
the bell, thus the maximum speed of IPMC-enabled jelly-
fish is limited. The jellyfish-like robot with flexible fins can
also be equipped with permanent magnet for electromag-
netic actuation [11] which induces a volumetric change of
the deformable silicone cavity to expel a jet of fluid and pro-
duces positive thrust [12]. However, when the robot swims
near some iron structures, the on-board permanent magnets
will be attracted by these structures, which will disturb the
motion of the robot. Takemura et al. [13] proposed another
method to control the moving velocity of jellyfish by the
chemical stimulation and controlled pulsation. Smart mod-
ular structure (SMS) combined with printed circuit boards
(PCBs) and polyvinyl chloride polymer (PVC) had been
used in a two layer jellyfish robot which can generate thrust
by actuating the SMSs and recovery original state by relax-
ing and bending the SMSs [14]. To achieve a larger vol-
ume change, a new biomimetic underwater microrobot us-
ing shape memory actuator (SMA) was proposed in [15].
However, the mentioned robots consumes a large amount of
power for heating, which is not energy efficient in underwa-
ter propulsion.

In contrast, the robotic jellyfish made by DE material
combines many appealing features together, such as high
compliance around 1 MPa [16], and fast response less than
200 ps [17]. More than that, the recently developed self-
sensing mechanism allows the robot to extract accurate dis-
placement data during the actuation process with the in-
formation of capacitance [18, 19], the resistance of the cir-
cuit [20, 21], and current through the circuit [22]. The jel-
lyfish robot made by DE actuator (DEA) has an excellent
capability of electrical insulation between the actuators and
drive electronics from the surrounding water. Some fabrica-
tion methods of the jellyfish robot with DE material have
been proposed. An untethered jellyfish inspired soft robot
was developed with an axisymmetric array of unimorph ac-
tuator [23]. One challenge of this jellyfish is to keep the eight
lappets stable during the movement. Hareesh et al. [24] de-
veloped a DE jellyfish robot with chamber structure, simpli-
fied integrated design for robotic jellyfish fabrication was
proposed by Tingyu et al. [25]. However, these previous
studies are lack of theoretical models to analyze the exper-
iment performance. . Utilizing the transmission mechanism
to transform the movement from the DE actuators to the con-
traction of the bell is critical to improve the performance of
the robot. With this proposed methodology, the swimming
behavior of the jellyfish robot can be improved by revising
the transmission mechanism, rather than only focusing on
DE actuators.

This paper introduces a novel DE enabled jellyfish
robot in terms of bio-inspired design, fabrication, and semi-

physics-based and date-driven modeling approach. The
robot combines a double-layer DE membrane with a trans-
mission mechanism to drive the bell to pump out the water
and push it move upward. Furthermore, it can carry pay-
load to swim, such as pressure sensor with mounting. The
actuation mechanism of the jellyfish robot and the struc-
ture’s deformation are very similar to one type of the true
jellyfish (aurelia aurita). The buoyancy force can be pro-
vided by changing the volume of water that is under the
jellyfish when a periodic sawtooth voltage is applied on the
DE membranes. Benefiting from the geometry structure of
the transmission, both of the DE membranes and jellyfish
fins can produce propulsion for the jellyfish robot. Taking
advantage of the good conductivity of water, the water in
swimming pool is chosen as the negative electrode of the
DE actuator and the positive electrode is isolated from the
water and sealed inside of DE membrane. This paper also
demonstrates a simplified modeling approach to capture the
major multi-physics models involved in the robot, including
the spring force model of cross-beam, volume change model
of DE and bell structure, and water jet model. In the model-
ing work, each movement cycle is divided into two stages:
bell relaxing step and bell contracting stage. A data-driven
model using ¢ fest function in MATLAB is developed to fit
the experimental results in the first step. The second stage is
analyzed by a physical model which can capture the volume
changes within the bell when contracting. In both stages, the
models can successfully predict experimental data. In order
to analyze the speed performance under different frequen-
cies, position measurements under sawtooth waveform with
the same amplitude but different frequencies are conducted.
Considering the limitation of the DE behavior in high fre-
quency environment, the maximum speed of the robot under
2 Hz input voltage with sawtooth waveform can reach up to
5 mm/sec.

The structure of this paper is organized as following:
Section 2 introduces the design and fabrication of the jel-
lyfish robot. Section 3 provides modeling of the DE mem-
brane and the actuation mechanism of the jellyfish. Sec-
tion 4 demonstrates preliminary experimental results includ-
ing frequency response, thrust force, and swimming speed
characterization, two models are used to fit the experiment
data. Section 5 discusses the conclusion of the paper and the
future research for this jellyfish robot.

2 Design and Fabrication

The jellyfish robot fabricated in this paper mainly includes
three parts: actuation system, moving structure, and trans-
mission mechanism. The assembly of the jellyfish robot is
shown in Fig. 1. The DE membrane, which is fabricated us-
ing a 3M VHB 4910 tape with compliant electrodes (car-
bon powder), provides actuation power. After the first pre-
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stretching, the DE membrane’s circumference is sealed be-
tween two plastic DE holders. The top middle part is secured
by the cross flexible beam which is made of Acrylonitrile
Butadiene Styrene (ABS) using 3D printer. The beam pro-
vides a support for the second pre-stretching of the DE mem-
brane in vertical direction. The holes on the cross beam’s
surface can reduce fluid resistance. One side of a cylinder
tube is attached to the middle of the DE membrane, and the
other side is connected to eight supporting beams. Then the
movement of the DE membrane is transferred to a soft um-
brella fin by a transmission mechanism consisting of cylin-
der tube, hinged connections, and eight support beams. The
contraction of the bell can provide upward propulsion for the
robot. The fin is made of Thermoplastic Polyurethane (TPU)
with a thickness of 0.4 mm, including eight segments that
are pasted together by the VHB-F9473PC. It shows certain
plastic deformation when it swings underwater. All links are
hinged, and small hats are used to block the hinge connec-
tions to avoid looseness. The height of the jellyfish robot is
approximately 170 mm and the maximize width of the robot
is 240 mm.

Fig. 1: Assembly of the jellyfish robot.

When a sawtooth voltage wave is applied on the DE
membrane, the electrical field cross the DE membrane is
transduced to a Maxwell stress which causes the DE mem-
brane to decrease in thickness and increase in area. The
spring-like cross flexible beam pulls the DE membrane
along with the cylinder tube and support beams to move
upward, resulting the expansion of the umbrella fin and
inhalation of water. When the voltage disappears, the DE
membrane returns to its original state, which pushes water
out to produce thrust force. At the same time, the jellyfish
fin contracts to exhale most of the water, which provides
the propulsion to propel the jellyfish to move upward. The
schematic of the procedure is shown in Fig. 2.

T Support beam
\ Cylinder tube ——

(a) (®)

Fig. 2: The schematic of moving jellyfish: (a) voltage on (b)
voltage off.

3 Modeling of the Jellyfish Robot
3.1 Cross-beam simplified model

The vertical pre-stretching of the DE membrane is supported
by the flexible cross beam which is a ’negative-rate bias
spring” or NBS. With a nonlinear bias force, this NBS sys-
tem can decrease in stroke of less than 5% when the in-
put rate increases from 1 to 10 Hz, indicating the NBS is
a promising bias element when using in high-performance
DE actuator [26]. Since the structure of the cross beam is
irregular, it is difficult to directly calculate the force that the
cross beam can provide when it changes its shape. Under-
standably, simplifying the cross beam to a common elastic
object that can store mechanical energy is necessary. The
cross beam is simplified into a linear spring in this paper.
Once we assembled the cross flexible beam with the circle
plastic support, we compressed the cross flexible beam from
the top point O shown in Fig. 3. The maximize displacement
we can get is h without destroying its structure, and the force
we can get is F. Then according to Hooke’s law F' = kh, the
spring constant k is obtained.

Fig. 3: Cross beam with circle plastic support.
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3.2 DE membrane actuation model

The theoretical analysis based on the fabricated jellyfish
robot provides simulation results and explains how the DE
moves with its actuation when the electric power is applied
on the jellyfish robot. The DE actuator has two layers of
membrane as shown in Fig. 4, where one positive wire is
sealed inside of the membranes and the negative electrode
directly contacts with the water in the pool. The middle rigid
frame is used to secure the two DE membranes to avoid sep-
arating or sliding from each other.

Electrodes Rigid frame

DE membrane

Negative
electrode

Positive wire

-+

Fig. 4: DE membrane structure.

The two layers of DE membrane can double the output
force comparing to one layer DE actuator. The overall actu-
ator force can be determined based on force model of one
circular. Fig. 5 shows the sectional view of the one layer
actuator. The picture on the upper side shows the original
state without voltage and vertical pre-stretching. The origin
of coordinate axis system is built in the center of the circular
frame to show the movement of the middle plate. A and B
are the edges of the inner and outer of the circle support re-
spectively. The radius of the middle plate is a, and the radius
of the outside DE membrane is b. The description process of
the simplified frustum DE actuator shown in Fig. 6.

midgle plate

cross beam
r

Apply voltage

DE membrane
>

circle support
e

Fig. 5: Sectional view of one layer DE membrane.

i middle plate

cross beam
—v

DE membrane
v

circle support
g

Fig. 6: Simplified DE membrane structure.

Assuming that the stress of the DE membrane in radial
direction is o,., the force of one layer DE membrane is

Fpg = Ao, = 27nrzo,., (D

where A is the cross-sectional area of DE membrane around
the middle plate, z is the current thickness of the DE mem-
brane, the total force of the two-layer DE membranes is
F = 2FpEg, and the force in the vertical direction is
. h
F =2Fpgsina =4nrzo, ——, 2)
h2+ (b—a)?

where « is the angle between the DE membrane and hori-
zontal direction.

The spring force from the cross beam and the total ra-
dius force from the DE membrane are changing dynami-
cally when the voltage changes during the actuation process.
The final dynamic equation comes from the vertical force
equilibrium in the air, which can be computed as suggested
from [27]

h [k(H—h)—4nrz or—mg—ch], (3)

1

m h? + (b— a)?
where H is the initial height of the cross beam, m is the total
mass of the system, A is the displacement of the center plate,
c is the damping constant of the system.

The dielectric elastomer membrane is assumed to be
incompressible, A1, A2, A3 are used to represent the lon-
gitudinal stretches, circumferential stretches, and thickness
stretches respectively. Let Ai pres A2 pres A3 pre represent
stretch of the first pre-stretching process, and A1 gct, A2, qcts
A3,qct TEpresent the vertical stretch considering the second
pre-stretching and the actuation process, A1 tor, A2 tots A3 tot
represent the total stretch. The relationships between each of
the stretches can be calculated from Plante’s paper [28]

A1,75075 = )\17pre)\17acta

)\2,t0t = )\2,pre>\2,act7

>\3,tot = )\S,pre>\3,act7 (4)
>\17tot)\2,tot)\3,tot = )\17pre)\2,pre)\3,pre

= Al,act)\Q,act)\S,act =1
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The volume of the DE membrane is V' = 7z, 7 is
the original radius of the VHB tape before pre-stretching,
and g is the original thickness. Once the membrane is pro-
jected on the ground, the projection shape completely over-
laps with the shape after the first pre-stretching. Therefore,
it is reasonable to assume A . = 1 and won’t change all
the time during the actuation process. After first circular pre-
stretching, the stretch in different stages can be obtained as
following

T
p
/\1,p7"e = 77
0
2rry, T
/\2,pre = = = )\l,prey (5)
2’/T7’0 To
zZ
P
)\S,pre =
20

where 7, and z, are the radius and thickness of the tape
respectively after the pre-stretching. In the second process,
the values of three stretches can be calculated as

N A/ (R
1,act—b_a— b—a )
/\2,act = 17 (6)
z
/\3,act = -
P

Combining (4), (5), (6), the new formulas to calculate
the total stretches are defined as

T b—a)?+ h?
Al,tot = )\l,pre)\l,act = l¥v

70 b—a
Tp
)\Q,tot = )\2,p7‘6>\2,act = (7)
To
z Z z
P
A?),tot = )\S,pre>\3,act = - = _"-
Zp 20 20

Following [29], the true stress o, in radius direction can
be obtained as

a7 = UM 1or = Aot A g0t) — €E7, (®)
where the electric field E is
1% \%4 VM ae
E=-—= = _Zhact )
z ZpA3,act Zp

The direction of the water exhaled from the jellyfish is
defined as negative direction, shown in Fig. 6. With (3), (6),
(7), (8), (9), the acceleration of the middle plate can be ob-
tained when the height of the cross beam and input voltage

applied on the DE membrane such parameters are given.
I bh— 2
h=—{k(H —h)— 47rr(—aT—O 20),

m (b—a)>’+h2rp

h (VTP

u )
2+ (b—a)2 7o b—a

(VO ER iy

70 b—a 70
— ¢

10)

V)\l,act

P

)2 —mg — ch}.

The original shape of the 4910 VHB tape is a diaphragm
with a radius of rp = 25 mm. After the first circular pre-
stretching, the radius becomes 1, = 63 mm. The original
height of the cross beam is H = 60 mm, and rigid middle
plate with radius a = 15 mm.

3.3 Water ejection model

The fin contracts and relaxes through the transmission mech-
anism powered by the movement of the DE membrane. As-
suming that the fin is an ideal elastomer with a bell shape,
the volume of the umbrella fin can be treated as a conical
frustum. The radius of the top surface remains the same,
while the bottom radius and the height of the conical frus-
tum change when the umbrella fin moves. Fig. 7 shows the
2D section view of the simplified conical frustum where the
solid line is the original state of the jellyfish and the dashed
line is the final state. The volume of the water ejected from
the conical frustum is mainly related to the angle change of
the umbrella fin.

Fig. 7: Simplified umbrella fin with conical frustum.

The structure from the transmission part to the fin is
equal to the offset slider-crank mechanism which can be
used for velocity and acceleration analysis for the umbrella
fin effectively. In Fig. 7, 6, is the angle between the O A and
the positive direction of the m axis, 65 is the angle between
AB and the positive direction of the m axis, and S is the
offset length. The movement of point B is limited in the m
direction, which is equal to the slider. O A can rotate around
the point O, and O AB is similar to the crank. The estimated
parameters of the simplified fin are shown in the Table 1.

3.3.1 Displacement analysis

From the closed vector polygon O AB P, the vector equation
is OA + AB = OP + PB, which can be transferred as
complex function below

loae? + 145" = De™ + Se”/Q, (11)
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Table 1: Parameters of the conical frustum structure

Parameters Value Unit

01 335 (Degree)
02 318.5  (Degree)
loa 30 (mm)

l AB 100 (mm)

where D is the distance between point B and the upside OG.
Assuming the angular velocity of the fin is constant during
each period of swinging, the angular acceleration is consid-
ered to be 0. Differentiating (11) about time ¢, the velocity
of point B is given by

loaw1e O™/ 41 puwoe®2+7/2) = D, (12)

where w; is the average angular velocity of the fin during
each period and ws is the angular velocity of AB around
point A. From , the imaginary part of the equation (12) can
be written as

loaw1 cos B + lapws cosfy = 0, (13)
and the real part can be written as

—loawi sinfy — lgpwo sinfly = D. (14)

Based on (13), the angular velocity of the AB can be
represented by a function of wy

—lpaw cos by
Wy = —/——

1
lap cos By s

Differentiating (14) with respect to time ¢, the accelera-
tion function of point B can be derived by

D= loaw? 2,i(01+m) +1 sz i(624) T Lypase (92+7T/2)

(16)

where s is the angular acceleration of AB. The imaginary
part of this function can be written as

—ZOAw% sinf; — lAng sinfy + lapagcosfy =0, (17)

the real part can be written as

—ZOAw% cosfy — ZAng cosfy —lapassinfy = ap. (18)

The angular acceleration of the AB can be derived from

a7

l 2 5in 6
_ loaw; smby + w? tan 0. (19)
lap cos By

Replacing as in (18), the acceleration of point B can be
calculated as below

ap = —ZOAwf cos b — lABw% cos 65,
l 2 sin 0 (20)
- ZAB(M + w? tan f) sin 0.
lap cos By

Comparing (3) and (20), his equivalent to ap. Both of
them are the acceleration of point B on vertical direction.
By combining the two groups of the function and replac-
ing we with (15), w; can be solved. The volume of water
ejected from the jellyfish fin can be calculated by chang-
ing the volume of conical frustum from Voo pg to Vorra,
Where Voope is the volume of conical frustum OC DG,
and Vo pre is the volume of conical frustum OEF'G. They
can be calculated following the same definition

™ ((logye

lCD 2
3 2 ( )

l l
52+ CFEFD

2 1\ @1)
h1 =loc cos(fy),

Vocpe =

where h; is the height of the conical frustum OCDG.

wh l
Vorra = —((-25)?

3 2

b (ERy g (00 lery) )
0,

);

where ho is the height of the conical frustum OEFG, and
9{ = 01 —w; T is the angle between the O F and m axis. For
each period T, the average angle velocity is w1, the volume
change of the conical frustum over time is showing below

hs = log cos(

Vejeeti = Voopa — Voera- (23)

The final volume of the water eject from the umbrella
fin Vjccr1 can be calculated by combining (20), (21), (22),
(23).

loc cos(6 l l
Veject1 = Mcf(ﬂ{(%)g + (% + locsinfy)?,
l l l 01 —w T
(199199 4 1o singy) - Mo Z ),
l l
{(%)2 + [% +logsin(f; — wlT)}
l l
(%)[% +lopsin(6y —wiT)]}.
(24)

The shape of simplified DE membrane is also similar to
a conical frustum, as shown in Fig. 8. The volume of water

DE membrane

Fig. 8: Shape change of the DE membrane.
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ejected from the DE membrane can be calculated as

’

m(h—h)

3 (a® + b + ab), (25)

Veject2 =
where h is the max height of the DE membrane, h' is the
current DE membrane height when it returns back to its orig-
inal state after the voltage is off. The total volume of the
water eject from the jellyfish is

Veject = Vejectl + V;zjeth- (26)

The buoyancy force in the vertical direction can be cal-
culated based on Archimedes principle

Fbuoyance = pvejectg~ (27)

where p is the density of the water, and ¢ is the gravity.

4 Experimental Results

Several experiments have been implemented to testify the
behavior of the jellyfish robot. Due to the natural behav-
iors of jellyfish — fast contraction and slow relaxation, a
time-varying sawtooth wave is an ideal input signal to drive
the jellyfish robot to generate the same dynamic movement
as the real jellyfish. Comparing with general signals (sinu-
soidal or square), the sawtooth is most related to the bio-
inspired signal. The bell expands slowly in the slope of the
sawtooth wave, and contracts suddenly in the vertical part.
However, because of the elasticity property of the DE mate-
rial, the DE membrane restores to its original shape slowly
during the actuation process. If the frequency is too low, the
time taken actuation to respond will be much less. Hence
the deflection in each cycle will reduce with increasing fre-
quency. In this paper, 2 Hz frequency is chosen for the driv-
ing signal, the amplitude of the voltage is limited to 5 kV.
There are two phases in the jellyfish robot movement. One
is the contraction phase in which the DE membrane is com-
pressed when the voltage is slowly applied on the DE mem-
brane in each period. Another phase is called propulsion
phase in which the DE membrane recovers to its original
shape after voltage is off. During this phase, the jellyfish
robot ejects the water and generates thrust force to push the
jellyfish to move upward.

4.1 Frequency response of the DE membrane actuator

The actuation parts of the jellyfish robot include the DE
membrane and the stiff circle plate as well as the cross beam
showing in Fig. 9. The cross beam provides the vertical pre-
stretching for the DE membrane, which have been simpli-
fied to be a spring-mass-damper system in the Section 3. To
determine the characteristics of the DE membrane actuator,

a system identification to estimate the transfer function of
the actuator is performed. This is achieved by analyzing the
system’s frequency response of the actuator over the range
of 0.05 Hz to 16 Hz with sinusoidal input signal. The full
voltage range (0-5000 V) input to the DE membrane actua-
tor is normalized between O to 1. The frequency responses
are the same when different amplitudes are applied [22].
0.8 input magnitude is chosen in this paper. The response
is then plotted on the bode magnitude plot and a transfer
function is fitted onto the data. The actuation voltage is pro-
vided by a high voltage amplifier (HVA 10HVA24-BP1-F),
the real displacement of the DE tube is measured by a laser
sensor (Baumer OADM 2016441/S14F), data acquisition is
implemented in real-time by using Simulink and dSPACE
(DS1104, dSPACE Inc.).

Fig. 9: Frequency response measurement setup.

The magnitude of the frequency response is obtained by
using Fast Fourier Transform (FFT) method, Fig. 10 shows
the bode plot of the measured frequency response results. A
third-order transfer function with three poles and one zero

77680s + 135300

G =
() 53 + 802.3s2 4 73020s + 109500

(28)

is used to fit all of the experiment data by minimizing the
mean square error from the experiment data points. Since
the cut-off frequency of the transfer function is around 10
Hz, a 2 Hz actuation signal is within the actuation frequency
range of the DE actuator.

4.2 Thrust force measurement

In this section, the thrust force generated by the robot is
measured. The simulation results from combining models
are compared with the experiment results. The experimental
setup is shown in Fig. 11. The force created by the jellyfish
in the vertical direction is computed by the load cell (ATI
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Fig. 10: Frequency response of the jellyfish actuation.

FT23747). The experiment results are collected by National
Instruments DAQ. A stable weight is added to stabilize the
plate that is attached to the force sensor. The remaining com-
ponents are from the frequency response experiment.

Fig. 12 shows that the force is produced when 2 Hz and
5 kV sawtooth voltage applies on the DE membrane. The
experimental data shows the thrust force at the steady state.

Fig. 12: The experiment results with sawtooth wave at 2 Hz
and 5 kV.

In this paper, we did an experiment with 15 periods in
total. The first ten periods were chose for training to get
transfer function to capture the dynamic movement in the
first step, the left five periods were chose for testing to eval-
uate the experimental data fitting formula. Fig. 13 indicates
that the experiment data roughly overlap and have a certain
trajectory in one cycle. Different colored points are used to
distinguish each period. The positive thrust force means the

Fig. 11: Propulsive force measurement setup (1): Force sen-
sor. (2): Stable weight. (3): Data acquisition. (4): Jellyfish
robot. (5) Desktop(control input signal). (6): dSPACE. (7)
HVA(High Voltage Amplify). (8) Force result display. (9)
Electric result display.

direction of the force is downward, while the negative force
means the direction of the force is upward. Based on the ex-
periment results, the detail movement process can be divided
into two steps shown in Fig. 14, where a vibration included
in the first step, the blue rectangular bar Sy presents the orig-
inal state of jellyfish fin, the red rectangular bar S; presents
the final state. The red arrow is the movement direction, the
number with circle is the order of the movement in each step.
Due to the influence of inertia, the force may experience vi-
bration when inhaling water to decrease the buoyancy force,
as we can see from Fig 14(a).

For the first step, a second order transfer function with
time delays (29) is used to capture the dynamic movement
of the jellyfish, which is recognized by ¢ fest function in
MATLAB.

0.9193

g _ (—0.3045) .
ys(s) = e 3 + 4.384s2 + 305.3

(29)

The process of exhaling water to increase buoyancy
force is approximately 0.15 second as shown in Fig. 14(b).
The start point of its simulation follows the end point of
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Fig. 13: Experiment data overlapping in one cycle.

Fig. 14: Two steps of the movement.

the first step simulation result. The detailed physical models
have been introduced in Section 3, parts of the simulation
parameters are listed in Table 2. The final results with the
remaining testing experiment data and all of the simulation
results are shown in Fig. 15. The blue line is the simulation
result from (29), the red line is the simulation result based
on the physical models above. The simulation results fits the
experiment data perfectly, and the maximum change of the
buoyancy force is approximately 2 N.

Table 2: Parameters of jellyfish robot

Parameters Value Unit
Permittivity, e 4x 10~ (Fm~1)
Shear modulus, u 27450 (Nm~—3)

Damping coefficient, ¢~ 10 (Ns/m)
Mass, m 100 (g2)

lo G 120 (mm)

lo C 90 (mm)
Gravity, g 9.81 (m/s?)
Density, p 997 (kg/m?)

157 Experiment data |
— Simulation results
1 t|—Simulation results 1

0 0.1 0.2 0.3 0.4 0.5
Time (s)

Fig. 15: Simulation results and experiment data.

4.3 Comparison with low frequency sawtooth signals

The frequency of the input signal also influences the move-
ment effect of the jellyfish robot. A sawtooth wave with 1
Hz and 5 kV amplitude is applied on the jellyfish, the exper-
imental results are shown in Fig. 16.

L L L L L
0 0.! 25 3

5 1 15 2
— T T T T
<
5 50F fﬂ
€ or q
g
5 -50 ‘ ~
S oo L, ‘ L, ‘ ‘

5 1 1.5 2

0 0. 25 3

Fig. 16: Results with 5 kV sawtooth and 1 Hz wave.

The sampling frequency of the force sensor is 62.5 Hz,
the displacement is zero under force-free motion. At the be-
ginning of the experiment, the jellyfish robot is adjusted to
be neutral buoyancy with no displacement at the best effort.
Assuming that the force F; produced by the jellyfish is con-
stant, the force can be measured by the force sensor in each
of the sampling period Ts = 1/62.5 s. Therefore, the ac-
celeration of the jellyfish in each period can be calculated
as

a; =

E, (30)
m
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where m is the mass of the jellyfish. Defining v; as the initial
velocity of the jellyfish for each cycle, then the velocity at
the end of the cycle is v;41 = v; + a;7s. The increased
displacement for the jellyfish during the period is

1 i + v
D, =v,T, + EG’ZTSQ = W

Ts. (31)

The work energy of the force produced in each period
can be calculated as follows:
W, = FsD;. (32)

The experiments demonstrate the movement of the jel-
lyfish from the stationary state to the final stable periodic
motion state, which is also maintained for a certain time of
period. The final work energy combines both states’ results
- Combined Work Energy (CWE) is shown in table 3. As
one can see from the table, only the sawtooth signal with
sufficient high frequency can push the jellyfish to move up-
ward when its CWE is negative. This also proves previous
statements that the jellyfish can not move upward when the

frequency is too low due to the elasticity property of the DE
material.

Table 3: Work energy results.

Signal Combine Work Energy(CWE)  Units
Sawtooth (1Hz)  0.001691565 @
Sawtooth (2Hz)  -0.003488088 @

4.4 Velocity with certain frequency and amplitude signals

The movement of the jellyfish robot is then measured by
combining the pressure sensor and the electric input signal.
The code for the experiments is stored in Arduino. The out-
put results are collected by the CoolTerm software. The type
of the pressure sensor is MS5803-14BA. The water surface
atmospheric pressure Py can be measured at the beginning
of the experiment before the pressure sensor is put inside of
the water and stored in the Arduino. From the underwater
pressure formula P = pgh, one can calculate the depth of
the jellyfish robot as

,_(P=P)
Py

(33)

where P is the pressure of jellyfish robot’s position in water,
g is the gravity, and p is the density of the water. The val-
ues of g and p are the same with previous experiment. The
experiment setup is shown in Fig. 17.

Fig. 17: Experiment setup for the speed test (1): Wires for
pressure sensor. (2): Float for the robot. (3): Pressure sensor.
(4): Negative wire connected with water. (5) Positive wire
connect robot. (6): Jellyfish robot.

Four experiments with pressure sensor are conducted us-
ing the same amplitude input sawtooth signal and different
frequency. The jellyfish robot reaches its highest point at dif-
ferent times. The experiment results are shown in Fig. 18.
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Fig. 18: Experimental results with 5 kV sawtooth and 1.4
Hz, 1.6 Hz, 1.8 Hz and 2.0 Hz, respectively.

From the experiment results, the average speeds of the
jellyfish under different frequencies are determined to be:
0.024 mm/s under 1.4 Hz input signal, 1.6 mm/s under 1.6
Hz input signal, 2 mm/s under 1.8 Hz input signal, and 2.05
mm/s under 2 Hz input signal. The result shows that the
speed of the jellyfish increases when frequency is higher.
However, there are reduction of deflection in each cycle un-
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der high frequency [12] and unsubstantial speed increase
when approaching 2 Hz, the frequency is set to be 2 Hz.

Another experiment without pressure sensor is docu-
mented on camera, where the weight is less than the jellyfish
with the pressure sensor and the actuation behaviour of the
DE membrane is not affected by the sensor mounting. The
sawtooth voltage wave with 5 kV amplitude and 2 Hz fre-
quency is used to drive the jellyfish robot, the movement of
robot shown in Fig. 19. In the first picture, the jellyfish robot
is at negative buoyancy, and stays in the bottom of the wa-
ter tank. After the voltage is applied on the membrane for
two seconds, the jellyfish moves about 20 mm upward. Af-
ter ten seconds, the jellyfish robot approaches to the surface
of the water with a moving distance of 50 mm. The velocity
of the jellyfish decreases when it approaching the surface of
the water. One of the reason of being is that the water turbu-
lence becomes intense when the jellyfish approaches to the
surface. The average velocity of the jellyfish within the 10
second range is 5 mm/s which is faster than the jellyfish with
a pressure sensor.

~ 00.0. 02.0.

™ "«"‘*—h—

zpmell
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Fig. 19: Snapshots of jellyfish robot’s movement.

5 Conclusion

A bio-inspired jellyfish robot based on dielectric elastomer
material is developed in this research. With the help of the
performance of DE material and the transmission structure,
the jellyfish robot can mimic the swimming mechanism to
inhale and eject water to push the robot to move upward and
also carry payload to swim. The contraction and relaxation
of the umbrella fin of the jellyfish robot can be accomplished
by controlling the sawtooth voltage applied on the DE mem-
brane. Meanwhile, water is ejected from the DE membrane
to induce propulsion. A physical model, based on the sim-
plified jellyfish structure, incorporated with a second order

transfer function is proposed to analyze the actuation mech-
anism of the robot in different steps. The preliminary exper-
iment results have shown that the soft robot with multi-layer
DE membranes can move effectively in water. The perfor-
mance of the jellyfish is influenced by many factors, such
as the frequency of the input signal, fabrication of the DE
membrane, the pre-stretching, and the total weight of the jel-
lyfish. In further research, the behavior of the jellyfish under
high frequency signal will be explored. Developing a stabler
model to capture different kinds of input signal, increasing
the speed of the jellyfish, and controlling the movement di-
rection as well as the speed of the jellyfish will also be stud-
ied in future work.
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