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Cavity-Membrane-Based Water-Jet
Bio-Inspired Thruster With Multidirectional
Accelerating Capability

Xinyang Wang *“, Xuan Pei

Abstract—Water-jet propulsion helps aquatic creatures
achieve both accelerated motion (e.g., flying squid) and
long-endurance cruising motion (e.g., jellyfish). That in-
spired the development of the aquatic unmanned aerial
vehicle (AquaUAV) and underwater soft robots. Underwater
soft robots achieve water-jet propulsion in all directions but
have little propulsion thrust, AquaUAV has large propul-
sion thrust but can only accelerate from underwater to air.
Here, to improve their deficiencies, we proposed a novel
water-jet thrusters using cavity-membrane-based water-jet
(CM-jet) structure. To quantitatively test the propulsion per-
formance of this novel structure, a tethered prototype as
well as a force-pressure measurement system was built.
Propulsion theoretical models were developed and refined
to explain the propulsion process of CM-jet structure. To
explore and verify the propulsion rules, the launch angles
«a (0°, 15°, 30°, 45°, and 60°) and the initial pressure (0—
0.3 MPa) of thruster were varied in the experiments. By com-
bining simulation and experimental results, the thruster
using CM-jet structure exhibited propulsion stability inde-
pendent of launch angles. The maximum net peak thrust
is 130 N when o = 30° and P = 0.3 MPa. With sta-
ble propulsion at any directions, the CM-jet structure may
broaden the accelerating directions of water-jet, realizing
three translational DoF, which provides a faster propul-
sion pattern apart from propeller for underwater robot and
AquaUAV.
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[. INTRODUCTION

ATER-JET propulsion [1], [2] is a widely used propul-
W sion mode by cephalopod mollusks. They use a soft
cavity to absorb water and squeeze it to form jet momentum [3].
The jet momentum will generate inverse force on them, thus
helping those organisms to achieve forward motion [4]. There
are two typical application scenarios. Flying squids [5] take
advantage of water-jet propulsion to achieve a rapid ejection
from underwater to escape from predators [6]. Jellyfish [7] and
scallops [8] move underwater with regular pulsating jets, which
is a slow and long-endurance jet pattern [9], [10]. The essence of
these locomotion patterns is achieved by squeezing water using
a soft cavity.

Inspired by the propulsion pattern of flying squid in Fig. 1,
the researchers applied water-jet propulsion to the aquatic un-
manned aerial vehicle (AquaUAV) [11], [12], [13]. It is a great
challenge to achieve fast underwater takeoff due to the differ-
ence in dynamic viscosity and density between water and air.
Propeller propulsion in the water—air takeoff process is relatively
slow [14], [15], [16], [17]. Therefore, researchers have tried to
develop AquaUAV with fast water-jet propulsion capability to
achieve rapid underwater takeoff. The authors in [11] and [18]
designed a water-jet AquaUAV with takeoff speed of 11 m/s.
Chen et al. [19] presented explosion-based water-jet Robobee
and the takeoff speed is 2.5 m/s. The authors in [20], [21],
and [22] used high-pressure COq as the power source to realize
water-jet. The authors in [23] and [24] designed an AquaUAV
with consecutive jump-gliding from the water surface and the
speed is 10 m/s. Among these prototypes, the water-jet accel-
eration helps AquaUAV achieve fast flight speed but is utilized
only in the takeoff process from underwater to air.

Pulsated jet propulsion [25], [26] handled by jellyfish and
octopus, as well as fin propulsion [27], [28] mastered by fish [29],
[30] and manta [31], [32], both inspire long-endurance and low-
cost locomotion of underwater vehicles [33]. Renda et al. [34]
developed a cable-driven underwater soft robot. Its pulsed-
jetting propulsion thrust is up to 10.3 N and Serchi et al. [35]
optimized the elastic response of this prototype. Then, Serchi
et al. [36] proposed a soft hydraulic actuator and its peak thrust
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Fig. 1. Aquatic-aerial amphibious locomotion process of the flying

squid. Flying squid are accelerated to emit water by squeezing the water
through the mantle cavity. The process of squeezing water is specially
labeled. The red arrows represent the squeezing pressure P and the
propulsion thrust F' is generated.
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Fig. 2. Conceptual definition diagram of the three water-jet structures.
(a) C-jet structure. (b) M-jet structure. (c) CM-jet structure.

can reach about 1 N. Frame et al. [37] developed an untethered
soft robotic jellyfish and the thrust can reach about 0.5 N.
Robertson et al. [38] presented an underwater water-jet robot
and the peak thrust can reach 1 N. Limited by power source,
the propulsion thrust of all these prototypes is pretty small,
which resulted in slow cruising speed (about 0.05-0.2 m/s).
It is worth noting that this water-jet pattern has better motion
controllability compared with that used by current AquaUAV
and realizes propulsion in all directions. This got us thinking
about what would happen if more powerful propulsion was used
here.

There are two widely used water-jet structures in Fig. 2(a) and
(b), the cavity-based water-jet (C-jet) structure and membrane-
based water-jet (M-jet) structure. C-jet structure is widely used
by water-jet AquaUAV [11], [20], [23] [see Fig. 2(a)]. The water
is stored in the cavity and the volume expansion caused by
high-pressure gas or chemical explosion directly squeezes the
water [39]. Those high energy source do squeeze water quickly
to accelerate. However, for AquaUAV, this accelerating mode is
only used in the takeoff process from underwater. M-jet structure
is adopted by underwater robots [35], [36], [40] [see Fig. 2(b)].
The ellipsoidal membrane is fixed in the long-axis and the water
is squeezed from the short-axis to form the pulsed jet. Compared
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Fig. 3. (a) Tethered TGTS and its parameter schematic sketch.
(b) TPR raw materials are melted and the membrane is cut from the
TPR materials. (c) Tensile tests are carried out and the membrane has
a stretch ratio of 1:8.

with the energy source used by C-jet, the M-jet structure cannot
get enough energy from existing prototypes, which results in
low but stable propulsion thrust.

In this article, we developed a thruster that not only has large
propulsion power, but also moves steadily in multiple directions.
Based on the high energy source used by C-jet structure and the
multidirectional mobility handled by M-jet, here, we propose
cavity-membrane-based water-jet (CM-jet) structure for the first
time [see Fig. 2(c)]. The membrane is put inside the cavity. The
power source squeezes the membrane to produce deformation
and membrane squeezes the water out of the nozzle. According
to the existing theoretical model [41], [42], [43], [44] and
prototype experiments [40], [45], [46], [47], although it can
provide stable water-jet in all directions, the propulsion thrust of
M-jet structure is little, even far less than its gravity and cannot
rapidly realize acceleration motion. Therefore, we will focus
on the comparative analysis of simulations and experiments for
C-jet and CM-jet structures later.

The rest of this article is organized as follows. In Section II,
the tethered prototype as well as force-pressure measurement
system was built, and two experimental series were set up
for C-jet and CM-jet structures. In Section III, we built two
propulsion models for the two structures. In Section IV, the
results and phenomena of the model predictions and experiments
are presented. In Section V, some possible factors about results
are discussed and the three structures were compared. Finally,
Section VI concludes this article.

II. METHODOLOGY
A. Prototype Design

To facilitate the observation of the flow field changes, a
tempered glass thruster system (TGTS) was fabricated and
assembled to withstand high pressure. The prototype shown in
Fig. 3(a) is the C-jet structure. Its main components include
two parts, the tempered glass bottle and the tail nozzle. The
physical parameters of each component are listed in Table 1. The
thruster is made of tempered glass with a wall thickness of 5 mm.
The removable tail nozzle is 3-D printed from high-strength
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TABLE |
KEY DESIGN PARAMETERS FOR THE COMPONENTS IN TGTS

Components Parameter Value  Unit

Tempered glass thruster ~ Max. length L 365 mm
Max. width W 180 mm
Inner radius R 37.5 mm
Air outlet radius r, 5 mm
Thickness of wall § 5 mm

Tail nozzle Retraction angle y 90 °
Nozzle radius r 8 mm
Nozzle length [, 35 mm

Flange Clamp Radius Ry 57.5 mm

Overall Total weight G, 1974 ¢
Total volume V; 1100 mm?

photopolymer resin material. Both the tempered glass bottle and
the tail nozzle are manufactured with a flange. Thus, the two can
be connected by a stainless steel flange clamp and a fluororubber
seal. The thruster is then wrapped with three layers of fiberglass
tape, which can help thruster withstand an ultimate pressure of
1.5 MPa.

The thruster has five openings at the top end. The size of each
of these five openings is controlled by poly tetra fluoroethylene
plugs of different sizes. Different sensors can be connected to
these openings to obtain physical information inside the bottle,
such as pressure and temperature. Two sets of clamping devices
made of stainless steel are attached to the outside of the thruster.
The clamping devices can be further connected to the force
measurement platform.

The CM-jet structure requires the addition of a flexible mem-
brane based on the C-jet structure. In Fig. 3(b), thermo-plastic
rubber (TPR) raw materials were melted and cut out to get the
membrane. We measured the elongation percent of the TPR
material through the tensile testing in Fig. 3(c). By calculating
the inner surface area of the tail nozzle in Table I, it is sufficient
for membrane deformation to completely squeeze water out if
the elongation percent can reach 368%. The dumbbell-shaped
sample was stretched from 2.0 to 22.7 cm without any visi-
ble breakage or burr on the surface of the sample after being
unstretched. TPR material with elongation percent of nearly
1135% is sufficient to provide deformation for the experiment.
A circular sample with 14 cm diameter is cut out, which allows
for a deformation area of 140 cm? around the tail nozzle and
retains some protection against breakage. The circle will be
placed between the tempered glass bottle and the tab of the
tail nozzle. The whole is wrapped by a flange clamp. Thus, the
CM-jet structure is completed.

B. Experimental Setup

We developed the experimental system in Fig. 4, a force-
pressure measurement system, to quantitatively compare the
propulsive performance of C-jet and CM-jet. This system mainly
consists of water tank (80 x 50 x 60 cm?, made of polymethyl
methacrylate), sliding platform, air compressor (volume 30 L
and maximum pressure 0.6 MPa), force sensor (Range from
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Fig. 4. Control system of the experimental system. This includes elec-
tricity supply (6S LiPo, 5 V dc—dc, and 220 V ac), sensors (force sensor
and pressure sensor), signal amplifier, data acquisition, and computer.
For the mechanical structure, the C-jet structure is fixed under the slide
platform and can be replaced by the CM-jet structure.
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Fig. 5. (a) Force-pressure measurement system. (b) Installation of the
TGTS on the sliding platform. (c) Five brackets with different launch
angles will be attached between the sliding platform and the TGTS.

—1000 to 1000 N, and resolution 0.01 N), and pressure sensor
(Range from —2.5 to 2.5 MPa, and resolution 0.001 MPa), as
shown in Fig. 5(a). A pair of smooth and parallel rails are fixed
on the two sides of the tank. Sliding platform can slide freely
between the two lubricated rails through linear bearing mounts
(Product specifications: the dynamic friction factor 4 is 0.002).
The TGTS is fixed under the sliding platform [see Fig. 5(b)].
These two are connected by bracket (made of stainless steel
304) and the clamping device (made of stainless steel 304). The
sliding platform limits the translational DoF of the glass bottle
along the z and «x directions and only the translational DoF in the
y direction, i.e., along the rail, is released. The clamping device
restricts the three rotational DoF of the thruster. The force sensor
is installed to obtain the propulsion thrust in the y direction and
the sampling frequency is 1000 Hz. The water tank, force sensor,
and sliding platform are connected by a nonelastic rope. The
pressure sensor is fixed in the top opening of thrusters and the
sampling frequency is 1000 Hz.

C. Experimental Descriptions

In Table IT and Fig. 6, experimental series 1 is designed
to measure the propulsion performance of the C-jet structure
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TABLE Il
SETTING OF EXPERIMENTAL VARIABLES

Series 1 Series 2
Group name EG1 [ MG1 | EG2 [ MG2
With or without membrane Without With
Water volume Viyaer (mL) | 350 [ 0 500 | 150
Pressure range P (MPa) 0 ~ 0.3 (relative pressure)
Launch angle a (°) 0, 15, 30, 45, 60
Other variables All the same

Experimental Series 1
Experimental group I Match group 1

[+

Fig. 6. Difference in water volume Viater in two experimental series.
In each series, the net water volume obtained by subtracting the MG
from the EG is 350 mL. The gray area is a cylinder with a volume of
350 cm’.

Experimental Series 2
Experimental group 2 Match group 2

and experimental series 2 is designed to measure the CM-jet
structure. The high-pressure gas generated by air compressor
is used as the energy source. To obtain large initial pressure, a
rubber plug will be inserted into the tail nozzle. Plugs of different
sizes, surface roughness, and preload are used to obtain different
opening pressures (0—-0.3 MPa, relative to atmospheric pressure).
Five different brackets are installed to vary the launch angle «,
which is 0°, 15°, 30°, 45°, and 60° [see Fig. 5(c)].

The gas escape phase generates underwater air-jet thrust for
thruster using C-jet structure and produce “ballooning” phe-
nomenon underwater for thruster using CM-jet structure. These
two will result in larger values of water-jet thrust and should
be reduced or eliminated (see Fig. 6). Experimental group (EG)
obtains the total propulsion thrust (both water-jet and air-jet) and
match group (MG) only obtains the propulsion thrust of air-jet.
The pure water-jet propulsion thrust, net peak thrust (NPT), can
be calculated by differentiating the fitting results of EG from
those of MG. Besides, for the water volume, the membrane in the
CM-jet structure holds 150 cm?® volume in its natural unstressed
state. To avoid introducing further human operating errors, we
set the water volume of 150 mL as initial state for series 2.
Also, to maintain a consistent initial air volume in the cavity,
a cylinder with 350 cm® volume was placed inside the cavity
for each match groups. The outer diameter of the cylinder was
37.5 mm, the inner diameter was 21.9 mm, and the length was
120 mm.

Since the dynamic friction factor p = 0.002, the friction
changes in the y direction due to load changes in the z direc-
tion can be ignored. The captured thrust and pressure data are
displayed in real time and saved on the computer. The thrust
data are in the y direction and will be converted to the direction
along the axis of the tail nozzle, which is the direction of the
launch angle «. Experimental data points will be curve-fitted to
investigate the relationship between the variables.
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I1l. PROPULSION MECHANISM
A. Problem Detfinition

We plot the curve of the gas pressure inside the prototype with
time in Fig. 7(a). The air compressor outputs high-pressure gas
during O ~ t;. The heat transfer of the whole process will be
neglected [24].

The major difference between C-jet structure and CM-jet is
whether the water is in direct contact with the high-pressure gas
or not. The water in C-jet structure is directly squeezed by the gas
inFig. 7(b)—(e). Due to gravity, the water surface in the prototype
is horizontal naturally. During the air expansion, the air squeezes
the upper liquid surface. This part of the water transfers the
pressure downward, and the water below is ejected first [see
Fig. 7(b)—(d)]. After t,, the gas pressure decreases rapidly while
some water is left [see Fig. 7(e)]. For the CM-jet structure, the gas
squeezes the membrane to produce deformation, and the elastic
energy stored in the membrane is released. The membrane trans-
fers the displacement and force to the water [see Fig. 7(f)—(1)].
Due to the isotropic material of the membrane, the water will take
an ellipsoidal shape under the membrane wrapping. During the
air expansion, the squeezing force is distributed perpendicularly
with the membrane surface. The water will be squeezed out
without being left. The parameters analyzed in the following
simulations are mainly based on Table 1.

B. Cavity-Based Water-Jet Structure

Different from the existing water-jet propulsion model [39],
[48] in which the liquid level is always perpendicular to the
nozzle-axis, the C-jet structure here considers the gravitationally
actual distribution of liquid inside the water tank [see Fig. 8(a)].
So the launch angle of the prototype is substantial for the
propulsion thrust.

According to the impulse theorem, the reaction force F' during
the jetting is related to the mass m of the water ejected and the
flow velocity v of the water, which is

FAt = va. (D

The time of effective water-jet propulsion is ¢. Differentiate ¢ into
nunits, and the volume of water ejected in the ith period ¢; is V,, .
Since the incompressibility of water, the volume increment of
gas expansion in the cavity is also equal to V,,,, . The flow velocity
vy, and the mass my,,, satisfy m,,, = pVi,, = pAv,,,t;, where
pis the density of water and A = 772 is the cross-sectional area
of the tail nozzle. The radius of tail nozzle is » = 8 mm. From
t;_1 to t;, the whole system should satisfy the conservation of
momentum that

My, Vw, y T MB, VB, | T MCVi—1 = My, Vuy;
+mp,vp, +Mmcv; (2)
where mp, | and mp, are the masses of water remaining in the
system, which satisty mp, = mp, , — m,,. The constant m¢

is the mass of TGTS, v;_; and v; are the velocities of the TGTS.
Due to the constant flow of water, the flow rates in each channel
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Adiabatic expansion Gas escape

Plugged

Fig. 7. ldeal water jetting process with the variation of air pressure, which contain the thruster using C-jet structure (blue box) and the thruster using
CM-jet structure (red box). (a) Pressure variation with time in the cavity during spraying includes three phases labeled with different background
color, i.e., raising pressure, adiabatic expansion, and gas escape. P, is the atmospheric pressure and P, is the target injection pressure (0-0.3 MPa,
relative to atmospheric pressure). (b)—(e) Water-jet process of the thruster using C-jet structure has four stages. The first three stages are to spray
water and the last one is to spray gas. (f)—(i) Water-jet process of the thruster using CM-jet structure has four stages and all of them are to spray
water. The time on the horizontal axis here is only for illustration and does not represent the actual time of occurrence. During the experiment,
0~ t;isabout1s,t; ~ tis about 0.2 s, and t, ~ t3 is about 0.3 s.

Deformation
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Fig. 8. (a) Physical parameter models of the C-jet structure. (b) Physical parameter models of the CM-jet structure. (c) Air pressure distribution
across the membrane and force decomposition. (d) Physical parameters for the discretization of 2-D elliptical models.

section are equal and expressed as 1 1 1
q P Y Bk, = Smev + smpvn? + Smu,ve %)
TR vp, | = 1riv,, 3) 1 , 1 , 1 ,
ﬂ—RzUB,- _ 7T7"2vwi- (4) X:EVKF1 = EmC’Ui—l + EmBiflrUBi—l + Emwiilfuwiil
3

According to the kinetic energy theorem, the sum of the work
done by the system during ¢; will be converted into the increased  where Wy, is the work done by the expansion of the high-

kinetic energy of the water and the TGTS, that is pressure gas and expressed as W, = Fy,d;. During t;, Fy, is
the average of the air squeezing force and F,,, = (P; — P)S;,
Z Wi = Z Ex, - Z Eri ) where P; is the average pressure and expressed as
where >~ W is the sum of the work done by the system during PVE = Py
t;. Y Fk,and > Ef, , are the total kinetic energy. Each of the aVi = SamlVa-d ©)
them can be expressed as PV, &

/(Vi=Vie)  (10)

Y Wi=Wg, +Wg, —We, =W, = Wp, ©) o
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where P; and V; are the pressure and volumes of air inside the
cavity. S; is the contact area between air and water, which can be
expressed by the inner diameter R of the bottle and the launch
angle «. d; is the distance at which the air squeeze does work,
which is the height of the liquid surface drops. S; and d; satisfy
Sid; = Vy,.

W, in (6) is the work done by the gravity of the falling liquid.
It satisfies W¢, = (mw, + mp,)gd;. Wy, is the energy loss due
to the reduction of the pipe diameter, which is expressed as
We, = he, pgViw,- he, is the local head loss satisfying (11). £ is
the local head loss coefficient, which is related to the pipe radius
ratio % and the retraction angle v = 90°. W, , is the viscous loss
caused by the friction between water and the inner wall. Wy,
satisfies Wy, = hy,pgVi,. ha, is the frictional head loss and
expressed as (12). A is the frictional head loss coefficient, which
is related to the roughness of the inner wall and the Reynolds
number Re of the fluid. Wp, is the energy loss due to the
drag, including resistance underwater and the friction loss of
the sliding platform

2
Vo,
he, =& —i 11
& =& 2 (11
d; g2
hy = A —= . W 12
b 2R 2g (12)
Fy = myy, vy, + mB,VB,. (13)

Combining (1)-(12), we can obtain the time-dependent thrust
F; in (13). It is worth noting that the volume V}, remaining
in the bottle after jetting can be different under different launch
angles a. The volume V,, — V,,_ that does the effective work
can be obtained experimentally, which is the end point of the
integration of (13). When initial volume of water is 350 mL and
launch angles o is 0°, 15°, 30°, 45°, and 60°, the remaining
volume of water is 350, 141, 39, 11, and 7 mL, respectively.

C. CM-Jet Structure

The CM-jet structure can be regarded as the integration of the
C-jet and M-jet structure [see Fig. 8(b)]. The high-pressure gas
commonly used by the C-jet structure and the membrane extru-
sion of the M-jet structure are combined. The entire ellipsoidal
structure is placed inside the cavity and the membrane is filled
with water. The deformation is characterized by fixing zz plane
and varying y axis.

The CM-jet structure satisfies the momentum theorem and the
kinetic energy theorem in (1), (2), and (5). Taking into account
the presence of membrane, W; in (5) should be corrected as

> Wi =Wg, + Wk, + W, = We, = Wiz, = Wio, —Wp,
(14)

where Wy, is the work done on the membrane during air
expansion. The direction of squeezing F. is perpendicular to
the surface of the membrane. We decompose this force into F,
and F,, perpendicular to the y axis and parallel to the y axis
[see Fig. 8(c)]. The membrane is discretized into ¢ ring-like
units in the y axis [see Fig. 8(d)]. For the jth ring-like units, the
outer diameter of the ring is R/ and the inner diameter is R} LA

3317

and the distance from the center are dg and df L respectively.

32 32

For the ellipse with long axis [; and short axis R, Lli—z + %’z =1
g+ pit? . )

and ot = = 1. The effective work done by the pressure

duringl the period ¢; is W,
l;
Wg,=> P (R;%2 . R;mz) (e —ary 5)
u=0

where P, is the pressure of the air during ¢;. According to PV =
nR, T, P; satisfies (9) and (16). P; and V) are the pressure and
volume of the air cavity at the initial state

2 2
Vi=Vi + ZR* — ZR%, (16)
3 3
Wi = Skl — Skoli? (17)
K; — ) 0li41 ) 0lg -

Besides, W is the value of the change of elastic potential
energy [36] during ¢;, which is related to the deformation. & is
the elastic constant of the membrane and kg = 0.06896. W¢,
is the work done by the gravity. W, = mu,, g(l; — li+1)sina
and my,,, = % pR2l;. W, 1, and W, o, are the energy loss due to
the friction between water and the inner wall of the membrane
as well as the friction between the outer wall of the membrane
and the inner wall of the cavity. W, and W,o, can be ne-
glected in the calculation because the surface of the membrane
is extremely smooth after being infiltrated (experimentally: the
dynamic friction factor p,,, =0.03).

The time-dependent thrust F; during the jetting process can
be obtained by combining the (1), (2), and from (13) to (17). V,,,,
is always 0 because all water is squeezed out by the membrane.

IV. RESULTS
A. Modeling Simulation Results

We perform numerical simulations for two sets of propul-
sion models constructed in Section III.LB and Section III.C.
The simulations are solved in MATLAB 2021b under same
initial conditions. The initial pressure inside the cavity was
0.2 MPa (relative to atmospheric pressure). The water volume
was 350 mL. The launch angle was 45°. The results of the
simulation are shown in Fig. 9. The pressure is reduced from
0.2 t0 0.07 MPa see Fig. 9(a)]. The thruster using C-jet structure
took 190 ms to complete the simulation and has 3 mL water left
in the cavity. The thruster using CM-jet took only 140 ms while
it can eject all water [see Fig. 9(b)]. That means the water in the
CM-jet structure are ejected more quickly, which results in the
propulsion thrust of the CM-jet structure throughout the jetting
process is always greater than that of the C-jet [see Fig. 9(c)].
The maximum value of the propulsion thrust is 38% higher than
that of the C-jet. The former can reach 157 N while the latter is
only 113 N.

To demonstrate the rationality of the discretization process
in Section III.C, we simulated the flow field in XFlow software
in Fig. 9(d). The results show the deformation direction of the
membrane and the flow direction of water are consistent with
Fig. 8(c) and (d), when the membrane is squeezed by the gas. The
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indicates the propulsive momentum. Thruster using CM-jet structure
have greater acceleration. (d) Fluid simulation results in XFlow software
when the high-pressure air squeezes the membrane in CM-jet structure.
Blue arrows indicate the flow direction of the water in the membrane.

Fig. 10. Water spraying process of the thruster using C-jet structure is
recorded at 0.1 s intervals. The jetted water is precolored with a red dye,
to distinguish visually. Liquid level of the water is marked with a dashed
line.

direction of force and water are perpendicular to the membrane
surface and points toward the tail nozzle.

B. Propulsion Performance of C-Jet Structure

Based on the experimental setups in Sections II.B and C, the
process of jetting water on the thruster using C-jet structure
is filmed in Fig. 10, the experimental results are shown and
illustrated in Fig. 11. The initial pressure was varied from O to
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Fig. 11.  Experimental results are obtained by completing experimental

Series 1 using thruster with C-jet structure. (a)—(e) Results for peak
thrust and initial pressure at launch angles « of 0°, 15°, 30°, 45°, and
60°. Peak thrust has been converted to the direction of the nozzle-axis.
Both the data scatter and its quadratic polynomial fit curve are shown.
Each subplot shows both the results for the EG 1 and MG 1. (f) Five
NPT curves are obtained by subtracting the MG 1 fit from the EG 1 fit,
based on the previous five sets of fits, respectively.

TABLE Il
GOODNESS OF FIT R? ABOUT THE PRESSURE-PEAK THRUST FITTING
CURVE IN THE EXPERIMENTS

Series 1 Series 2
Launch angle EG 1 MG 1 EG 2 MG 2
0° 0.9446 09221 0.9637 0.9359
15° 0.9501 0.8926  0.9701  0.9243
30° 0.9413  0.9397 0.9606  0.9368
45° 0.9807  0.9332  0.9697  0.9030
60° 0.9693  0.9225 09704 09182

0.3 MPa (relative to atmospheric pressure), and 50 experiments
were conducted under five different launch angles (more than
250 total experiments). The R? coefficients of quadratic poly-
nomial fitting are given in Table III. From Fig. 11(a)—(e), the
numerical curves of both EG 1 and MG 1 shift upward with the
increase of launch angle. In Fig. 11(f), the lowest NPT curve of
the water-jetis when o = 0°. As v increases, the NPT curve shifts
upward as a whole. However, the growth rate of the upward shift
decreases when increasing in the same launch angle step. The
peak propulsion thrust increases as the pressure increases and
each curve has a “plateau” period. As the pressure increases, the
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Fig. 12. Results are directly output by the pressure sensor and force

sensor using thruster with C-jet structure. (a)—(e) Results for thrust and
pressure over time at launch angles « of 0°, 15°, 30°, 45°, and 60°,
respectively. Pressure curve represents the complete change process
from inflation, to water jet, and air release. Thrust has been converted to
the direction of the nozzle-axis. Thrust curve shows only positive values
in each subplot. The negative values are caused by the vibration of fixed
prototype under huge thrust.

growth rate of peak propulsion thrust decreases. The maximum
NPT is 147 N when o = 60° and P = 0.3 MPa.

The curves of pressure and propulsion thrust with time during
the jetting process are shown in Fig. 12. We chose the water-jet
process when the pressure is 0.2 MPa (relative to atmospheric
pressure). The propulsion curve when o = 0° is shown in
Fig. 12(a). The propulsion curves of EG 1 and MG 1 almost
coincide, which means that the thrust in this case is entirely
provided by the air-jet. The peak thrust force reaches 36 N. The
duration of the thrust is 76 ms. The propulsion process when «
= 15° is shown in Fig. 12(b). The thrust curves of the EG 1 and
MG 1 are clearly separated and the peak thrust was 88 N and
40 N, respectively. Both EG 1 and MG 1 sampled the second
peak and the duration of the thrust was 213 ms. The propulsion
curve when o« = 45° is shown in Fig. 12(d). The third effective
peak happened in EG 1 sample, and the peak propulsion forces
were 123 and 46 N for the EG 1 and MG 1, respectively. The
propulsion duration is 251 ms. It is clear that the magnitude and
duration of propulsion are proportional to the launch angle a.

C. Propulsion Performance of CM-Jet Structure

Following the experimental setup in Sections II.B and C, the
process of jetting water on the thruster using CM-jet structure
is filmed in Fig. 13, and the experimental results are shown
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Fig. 13.  Water spraying process of the thruster using CM-jet structure
is recorded at 0.05 s intervals. The jetted water is precolored with a red
dye, to distinguish visually. The outline of the membrane is marked with
a dashed line.

in Fig. 14. The R? coefficients are given in Table III and it is
reasonable to consider the quadratic fit curves as the fit results.
From Fig. 14(a)—(e), the numerical curves are less affected by
launch angles. Each curve stays in a stable range of variation.
From Fig. 14(f), the five NPT curves almost completely overlap.
This is the biggest difference from the experimental results in
Fig. 11(f). Besides, the peak propulsion thrust increases with in-
creasing pressure while the rate of increase gradually decreases.
The maximum NPT is 130 N when o = 30° and P = 0.3 MPa.

The pressure and thrust curves with time are shown in Fig. 15.
We chose the pressure 0.2 MPa (relative to atmospheric pres-
sure). Since the high-pressure gas cannot be discharged directly
from the tail nozzle after the membrane is added, the squeezing
time is shorter but the gas releasing time is longer, compared
with C-jet. The time taken for the whole process is about 900
ms. The manual pressure relief takes some extra time. The
propulsion processes at the five launch angles show similarity
both in magnitude and in trend. The peak propulsion forces of
the EG 2 at the five angles are 124, 125, 122, 127, and 130 N,
and the peak propulsion forces of the MG 2 are 59, 54, 54, 59,
and 60 N. The deviations of the peak propulsion forces do not
exceed 6.5% and 11%, respectively.

V. DISCUSSION
A. Effect of Membrane

The presence of membrane results in the large difference of
trend (see Fig. 16). The propulsion thrust of the thruster using
C-jet structure is significantly affected by the launch angle and
we suppose there are two possible reasons. First, the loss of
propulsion medium due to early leakage of high-pressure gas.
Since the upper surface squeezed by the air cannot always
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Fig. 14. Experimental results are obtained by completing experimental

Series 2 using thruster with CM-jet structure. (a)—(e) Results for peak
thrust and initial pressure at launch angles « of 0°, 15°, 30°, 45°, and
60°, respectively. Peak thrust has been converted to the direction of the
nozzle-axis. Both the data scatter and its quadratic polynomial fit curve
are shown. Each subplot shows both the results for the EG 2 and MG
2. (f) Five NPT curves are obtained by subtracting the MG 2 fit from the
EG 2 fit, based on the previous five sets of fits, respectively.

maintain horizontal during gas expansion, the water will be
mixed with the gas and be ejected. The connected air between
internal and external lead to a rapid reduction in pressure inside
the prototype and the remaining water cannot be fully squeezed,
which brings the waste of propulsion medium. Second, the
unstable air-liquid interaction surface leads to the consumption
of pressure. Due to the free flow of water, the air squeezes water
like random squeezing. The pressure force on the upper surface is
uniform at the beginning and tends to be released in the direction
of larger downward gradient, which leads to irregular squeezing
of the water and more useless work.

However, when the membrane is installed, the propulsion
thrust trend exhibits consistent characteristics in CM-jet struc-
ture, which has an attitude-irrelevant propulsion stability. The
effect of the launch angle is almost eliminated. The reason is
that the presence of the membrane weakens the two factors
mentioned above. First, the membrane isolates water and air,
which allows the high-pressure gas to work entirely without
leakage. The water can all be squeezed to form a jet flow without
any water being left over, avoiding the waste of energy. Second,
as the contact surface between water and air, the membrane
makes the squeezing process more stable. The water wrapped
in the membrane does not flow freely but forms an ellipsoidal
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Fig. 15. Results are directly output by the pressure sensor and force
sensor using thruster with CM-jet structure. (a)—(e) Results for thrust
and pressure over time at launch angles « of 0°, 15°, 30°, 45°, and
60°, respectively. The pressure curve represents the complete change
process from inflation, to water jet, and finally air release. The thrust
has been converted to the direction of the nozzle-axis. The thrust curve
shows only positive values in each subplot. The negative values are
caused by the vibration of fixed prototype under huge thrust.
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Fig. 16. Comparison of NPT curves for C-jet and CM-jet structure. The
five blue ones belong to C-jet structure and five blue ones belong to
CM-jet.

shape. This shape is not distorted by random squeezing, which
means that the flow of water will concentrate in the direction
of tail nozzle. Those two advantages of membrane give CM-jet
structure multi-directional ejection capability with huge thrust.

B. Effect of Launch Angle

The launch angle is used to reflect the propulsive difference
between the two structures. The propulsive trend of the thruster
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TABLE IV
COMPARISON OF THIS WORK WITH OTHER TYPICAL WATER-JET PROTOTYPES, INCLUDING UNDERWATER SOFT ROBOT (PULSATED JET PROPULSION) AND
AQUAUAV
. Locomotion capability =~ Body length ~ Max. thrust ~ Speed
Robot type  Reference = Water-jet ~ Methods Power source (translational) (mm) ™) (mfs, BLJS)
Soft robot [34] M-jet Tethered Motor 1 DoF 138 10.3 0.22, 1.6
[36] M-jet Tethered Pump 1 DoF 250 1 n/a
[37] M-jet Untethered ~ Pump 3 DoF 210 0.5 n/a
[38] M-jet Tethered Motor 1 DoF 80 1 0.16, 2
[49] M-jet Tethered Motor 2 DoF 76 n/a 0.26, 3.4
[40] M-jet Tethered Linear actuator 2 DoF 266 n/a 0.26, 0.98
AquaUAV [18] C-jet Untethered ~ High pressure CO, 1 DoF n/a 5 11, n/a
[19] C-jet Tethered H, 1 DoF n/a 9 2.5, n/a
[20] C-jet Untethered ~ High pressure CO, 1 DoF 790 n/a 0.5, n/a
[23] C-jet Untethered  CpH» 1 DoF n/a 43 10, n/a
This work ~ CM-jet Tethered High pressure gas 3 DoF 365 130 n/a

The DoF of locomotion capabilities here are described in a Cartesian coordinate system. 1 DoF means the prototype can only move along a straight line.
2 DoF means the prototype can move in a specific plane. 3 DoF means the prototype can move in three dimensions.

using C-jet structure is most significantly affected by the launch
angle, while the thruster using CM-jet is not. When the launch
angle is small, the high-pressure gas in the thruster using C-jet
structure is more likely to escape from the tail nozzle. More
water is left over, which results in less propulsion momentum.
The high-pressure gas realizes piston-like squeezing and the
water are ejected more directly and effectively in the C-jet
structure when the launch angle becomes larger, while there
is loss of energy transfer in the CM-jet structure because of
the membrane deformation. This explains why the thrust curve
of C-jet structure is higher than that of the CM-jet at larger
launch angle. The stable propulsion of the CM-jet structure is
equivalent to the propulsive performance of the C-jet at 45°
launch angle (see Fig. 16). That means thruster with CM-jet
structure have omnidirectional accelerating capability, as ex-
cellent as traditional thruster with C-jet at 45° launch angle
(parabolic trajectories can reach the highest and farthest).

C. Effect of Initial Pressure

The trend of propulsion thrust with pressure is fitted with the
quadratic polynomial, which is consistent for the two structures.
All curves show the trend of rising first and then entering plateau
period (see Fig. 16). The slope of trends becomes smaller,
which gradually occur between 0.2 and 0.4 MPa follow the
prediction of Section III. This is because the larger the initial
pressure, the faster the velocity of water flow and the greater
the viscous losses, as discussed in (11) and (12). If we want
to obtain greater propulsion under greater pressure, the internal
flow field structure and inner wall roughness of the thruster must
be optimized.

D. Model Interpretation

There are some points in Section III.LB and Section III.C
need to be explained and corrected. First, the upper level of
the water is not always consistent during the jetting process (see
Fig. 10). It changes from horizontal to inclined, which means
that the internal gas is connected to the outside with the inclined
liquid level, leading to leakage. This is especially noticeable

after 0.2 s. Since the contact area .S; and dropping distance d;
satisfy S;d; = V,,,, using V,,,, will eliminate this effect on model
predictions. Second, the two original settings in the model,
waste of propulsion medium and early leakage of pressure, are
consistent with the experimental phenomenon (see Figs. 10 and
13). A large number of white bubbles are ejected at 0.3 s, which
means that the internal high pressure is leaked. However, the
ejected color becomes red again after 0.4 s, meaning that the
remaining reddened water inside the prototype is ejected by
the airflow although no additional propulsion is generated. For
CM-jet structure, the predicted membrane deformation process
matches the reality (see Figs. 7 and 13). The deformation of
the ellipsoidal membrane is fixed in the short-axis plane and
varies in the long-axis. Besides, the elasticity of the membrane
has a minor effect on the propulsion thrust. Due to the elastic
potential energy stored in the deformation, the water wrapped
in the membrane are slowly ejected from the tail nozzle without
gas extrusion. The force collected by the force sensor is small
(less than 3 N), which can be ignored for the model predictions
and propulsion tends.

E. Future Work

Currently we can quantitatively compare the two water-jet
structures using the same prototype, TGTS. It presents the C-jet
structure when there is no membrane and the CM-jet structure
when there is a membrane. However, the experimental platform
can indeed be further improved. If we optimize the clamping
between the TGTS and the membrane, the airtightness can be
better. Currently, the TGTS leaks (given in the supplementary
materials) when the pressure is too high (more than 0.4 MPa). In
the future, we will miniaturize the water-jet thruster of CM-jet
structure with integrated power and communication.

Table IV compares this work with other robotic prototypes
that use water-jet thruster, such as underwater soft robot and
AquaUAV. Our work is the only one that uses CM-jet structure
as thruster. For locomotion capability, our new proposed CM-
jet structure is independent of the launch angle. It has a stable
propulsive performance regardless of the initial attitude in the
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horizontal and vertical planes, which means thruster will handle
three translational DoF in three dimensions with the help of the
rudder. And the maximum thrust is much larger than other works.

VI. CONCLUSION

We developed a novel water-jet structure, the CM-jet struc-
ture. A tethered prototype and force-pressure measurement sys-
tem are built. We designed two experimental series here to
compare the propulsion performance of thrusters using C-jet
and CM-jet structure. Based on the observed experimental phe-
nomena, theoretical models of those two structures are con-
structed. The thruster using CM-jet structure generates steady
propulsion properties unrelated to attitude when the launch
angle is changed, and C-jet structure shows dispersion that the
propulsion performance varies greatly with launch angles. The
larger the launch angle, the higher the propulsion thrust curve.
The stable propulsion of the CM-jet structure is equivalent to
the propulsive performance of the C-jet at 45° launch angle, and
the maximum NPT reaches 130 N. The former is larger when
the launch angle o < 45° and the latter is larger when o > 45°.

Fast water-jet propulsion can be used as an acceleration
method during the underwater cruising. The attitude-irrelevant
propulsion generated by the thruster using CM-jet structure may
be able to broaden the direction of water-jet acceleration, making
it even omnidirectional. It helps the prototype to achieve fast
locomotion in three translational DoF with more thrust than
propeller.
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