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Manoeuvring of an aquatic soft robot using thrust-vectoring

Tao Wang 1, Artur K. Lidtke1,2, Francesco Giorgio-Serchi3,∗ and Gabriel D. Weymouth 1

Abstract— Capability of a pulsed-jetting, aquatic soft robot
to perform turning manoeuvres by means of a steerable nozzle
is investigated experimentally for the first time. Actuation of
this robot is based on the periodic conversion of slowly-charged
elastic potential energy into fluid kinetic energy, giving rise to
a cyclic pulsed-jet resembling the one observed in cephalopods.
A steerable nozzle enables the fluid jet to be deflected away from
the vehicle axis, thus providing the robot with the unique ability
to manoeuvre using thrust-vectoring. This actuation scheme
is shown to offer a high degree of control authority when
starting from rest, yielding turning radii of the order of half
of the body length of the vehicle. The most significant factor
affecting efficiency of the turn has been identified to be the fluid
momentum losses in the deflected nozzle. This leads, given the
current nozzle design, to a distinct optimum nozzle angle of 35◦.

I. INTRODUCTION

The need for an increased degree of automation in un-
derwater operations consistently require Autonomous Un-
derwater Vehicles (AVU) and Remotely Operated Vehi-
cles (ROV) to deal with often overwhelming challenges.
These commonly encompass the complexity of navigation
in unstructured submerged scenarios, the low-bandwidth
communication between the vehicle and the surface and,
most importantly, the hazardous nature of the sea climate
where adverse weather conditions may prevent intervention
altogether [1].

The inspiration from sea-dwelling organisms is sometimes
regarded as a viable way to devise disruptive designs which
offer the benefit of enhanced propulsive performance and
improved manoeuvrability [2], [3], [4]. Because of this, bio-
inspired aquatic robots have become widespread [5] and,
among these, soft robots are starting to earn recognition [6].

Among the many sources of inspiration, cephalopods
(i.e. squids and octopuses) stand out for their combination of
utmost bodily softness and exceptional swimming capability.
Cepahlopods are almost completely lacking a supportive
skeletal structure and, as a consequence of this, they employ
a propulsive routine which does not rely on the reciprocal
motion of joints, contrary to the more prevalent use of
flapping-based force generation mechanisms [7]. Quite the
opposite, cephalopods’ propulsion is based on the expulsion
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of finite jets of water which they execute by the periodic
pulsation of a cavity of their body [8].

Nowadays, a broad body of literature exists which ad-
dresses the distinctive features of pulsed-jet propulsion. This
brings evidence that large viscous [9], [10], [11], [12] and
inertial [13], [14] fluid effects are concomitant in mak-
ing cephalopod-inspired locomotion very effective both as
a quasi-steady, sustained swimming mode as well as a short-
range, highly menoeuvreable one, thanks, in part, to their
structural flexibility [15], [16].

Consequently, several actutors capable of replicating this
discontinuous, sometimes asymmetric, pulsating routine exist
either as stand-alone systems [17], [11], [18], [12] or as
part of fully self-propelled vehicles [19], [20], [21], [22].
However, while major efforts have been devoted to study the
fluid dynamic effects associated with the pulsating routine
and propulsive efficiency of such systems, very limited work
has been focused on manoeuvrability of systems endowed
with such a mode of propulsion [23], [24]. Addressing this
niche is the main aim of the present study. To the best of
the authors’ knowelege, this work reports, for the first time,
an experimental investigation on the maneuvrability of soft-
bodied, pulsed-jet, underwater vehicles.

Specifically, an existing design of a soft fluidic actuator,
used previously in a captive configuration for thrust mea-
surements [25], was fitted with a steerable nozzle to allow
thrust vectoring, as well as straight-ahead propulsion. The
system was then installed in a laboratory-scale, soft-bodied,
remotely operated vehicle. To estimate the manoeuvrability
of the robot subject to different jet deflections, a series of
tests were carried out where the trajectory of the vehicle was
tracked using an overhead motion capture system.

The collected data provide preliminary insights into the
benefit of using thrust-vectored, pulsed-jet propulsion as
a singular means of designing soft unmanned underwater

Fig. 1: Photograph of the robot in deflated configuration with
the steerable nozzle at the back (robot facing left).



Fig. 2: (a) Schematic depiction of the robot components.
(1) elastic membrane in the inflated state, (2) internal hose
for fluid ingestion, (3) fluid flow during suction, (4) elastic
membrane in the collapsed state, (5) pump exhaust, (6) pump
inlet, (7) centrifugal pump, (8) steerable nozzle support, (9)
ball valve, (10) servo motor for valve control, (11) rigid
compartment, (12) servo for nozzle rotation control, (13)
steerable nozzle.

vehicles with superior maneuvrability.

II. ROBOT DESIGN

A. General arrangement

The robot, shown in Fig. 1, consists of an elastic hol-
low membrane fitted onto a rigid stern segment, which
contains the subsystems required for coordinating the in-
flation/deflation routine and the thrust-vectoring. These are:
a pump, a valve, and a servo-actuated steerable nozzle. These
are schematically depicted in Fig. 2. Length overall of the
robot is 295 mm.

Control of the robot is carried out using a micro-controller
unit (MCU), which executes actions in a pre-programmed
manner controlled by the user. Currently, control signals from
the MCU and power from a 12 V DC power supply are
sent to the robot via an umbilical cable due to the small
scale of the robot. However, because all of the mechanical
subsystems have been successfully integrated into the robot,
a larger, untethered variant could be readily built with the
control logic and batteries fitted inside the robot.

B. Pulsed jet actuator

The actuation of the system entails a periodic sequence of
slow expansion of the elastic cavity, followed by its abrupt
collapse upon controlled opening of the valve. Inflation of
the membrane is driven by the pump, which ingest ambient
fluid from in front of the vehicle and injects it into the
internal cavity, progressively expanding the elastic walls of
the membrane. At this stage, unwanted leakage of the fluid
from the cavity is prevented by the closure of the valve. Upon
reaching the desired extent of expansion of the membrane,
the valve is actuated open, enabling the sudden outflow of the
fluid across the nozzle under the effect of the restoring force
exerted by the strained membrane. Rotation of the nozzle

allows the jet to be oriented, thus exerting a forward thrust
and a yaw moment on the body of the vehicle, enabling it
to execute turning manoeuvres.

A total of two actuators are used to propel the vehicle:
a servo for operating the valve and a pump for inflating
the cavity. The actuators are fitted in the rigid section of
the robot, item (11) in Fig. 2. The solid stern is used to
support the aft end of the flexible, hollow membrane. This
is a 4 mm thick, 250 mm long axi-symmetric ellipsoid
truncated at 75% of its length made from silicone rubber
cast in a 3D-printed mould. The pump used for inflating the
mantle is a centrifugal M510 series TCS-micropump, item
(7) in Fig. 2, rated at a 8.7 L/min top flow rate and 586 mbar
maximum head pressure. Rotational speed of the pump is
controlled using an electronic speed controller (ESC). The
flow release is regulated by a custom-printed ball-valve,
item (9), actuated by a Traxxas 2080 waterproof servo, item
(10) in Fig. 2. Detailed arrangement of these components is
described in details in [25] and [26].

C. Steerable nozzle

The current version of the robot is appended with a steer-
able nozzle, Fig. 3(a), which enables thrust vectoring. This
comprises of two 3D-printed components: a stationary nozzle
support, item (8) in Fig. 2, and a moving external part,
item (13), which constitutes the actual steerable nozzle. The
latter is fitted onto the nozzle support via a pivot located at
its centre of rotation. The angle of the thrust-vectoring part is
adjusted using a servo identical to the one used for opening

(a) Side view of the thrust-vectoring unit

(b) Top view of the nozzle

Fig. 3: The steerable nozzle: (a) side view of the thrust-
vectoring component. In the foreground, the servo motor,
with the shaft linked by a crank to the steerable nozzle (in
blue); (b) top view of the steerable nozzle at 50◦ deflection.



Fig. 4: Robot trajectory with a 25◦ nozzle deflection. Dashed
black lines are the tracked trajectories from repeated tests,
the continuous black line is a moving average of the three
trajectories, and the dashed red line is the circle fitted to the
mean data using least-squares method.

the nozzle valve. A crank links the shaft of the servo motor
to a pin extruded sideways of the movable unit of the nozzle,
Fig. 3(b). This enables the rotation of the shaft of the servo
to control the deflection of the nozzle over a 100◦ span.

III. METHODOLOGY

A. Problem statement

In the present tests, focus is put on characterisation of
the freely-moving system subject to the turning moment and
forward thrust generated by pulsed-jet thrust-vectoring. The
experiments are performed by recording the displacement of
the robot subject to a single burst of speed when starting from
rest. This forms a continuation of the previous work carried
out with the same robot held in a captive configuration and
used to study the effect of different fixed-shape nozzles on
the developed forward thrust and static yaw moment [25].

B. Test matrix

To study the effect of variable nozzle angle, this was set
to values between 5 and 50◦ at 5◦ increments. For each
setting, three repeat measurements were carried out in order
to provide an average response and give an indication of the
degree of repeatability of these tests.

Each experimental run entailed an initial 15 s duty cycle of
pump actuation, which inflated the elastic cavity to 0.9 litres,
providing a 30% volume increase from the initial unstrained
state of the mantle chamber. The nozzle was then deflected
to the desired position and successively the main valve was
opened for a period of 0.5 seconds, expelling a finite amount
of fluid which propelled the robot forward from rest and
induced a turning moment.

C. Experimental set up

The tests were performed in a 30.0x2.4x1.2 m tank, large
enough for the robot to never come close to the boundaries
of the testing facility during a single test run. Motion of
the robot was tracked using a downward-facing camera held

Fig. 5: Trajectories of the turning manoeuvre for nozzle
deflections at 5, 15, 20, 25, 30, 35, 40, 45 and 50◦.

stationary 2.0 m above the free surface. This guaranteed
that the robot would never reach the boundaries of the
recording area where image distortion could affect accuracy
of trajectory tracking.

The experiments were initiated with the Centre of Mass
(CoM) of the vehicle placed in the origin of an xy coordinate
frame coincident with the centre of the recording frame and
with the nozzle exit plane oriented in the negative y direction.
Each run was recorded with the vehicle initially at rest and
lasted until the robot had come to a complete stop.

D. Data analysis

An example of the resultant trajectory obtained for three
successive repetitions of the same test is shown in Fig. 4 for

Fig. 6: Along-track distance travelled by the robot during
the experiments as a function of the nozzle angle. Markers
indicate mean values for each nozzle angle and error bars
denote the minimum and maximum value measured for each
condition.



Fig. 7: Turning radii estimated for the vehicle as a function
of the nozzle angle.

nozzle deflection of 25◦. The test manifest a good degree
of reproducibility with similar paths travelled by the robot,
as well as comparable final position and orientation. For the
remainder of the analysis, mean trajectories resulting from
averaging the three repetitions are used.

Due to the motion of the robot being transient and dynamic
by nature, it could not reach a steady turn. Thus, traditional
methods used to analyse tactical diameter manoeuvres of
ships [27] could not be readily applied to the problem at
hand. However, from tracking the motion of the vehicle
during a complete manoeuvre, its pose (heading) and tan-
gential velocity could be extracted. These may be viewed as
critical parameters defining the efficacy of the jet propulsor to
induce rotation and forward acceleration. From a biological
perspective, these would indicate the ability of the agent to
initiate a rapid manoeuvre either to catch prey or avoid an
imminent predator attack.

Furthermore, arcs could be fitted to the measured trajecto-
ries using least-squares method, with the tunable parameters
being the centre or rotation and its diameter. In the light
of lack of steady turn information, this data provided an
estimate of the turning rate of the vehicle, as well as its turn-
ing radius, both of which can be readily compared against
classical marine vehicles, bearing in mind the specifics of the
method of locomotion of the present robot. An illustration
of the result of this procedure is also depicted in Fig. 4.

IV. RESULTS

Fig. 5 presents mean trajectories of the vehicle as mea-
sured throughout the test campaign. Compared to the overall
length of the robot of 295 mm, the observed paths travelled
indicate that the vehicle is capable of travelling the order of
one body length per a single release of the fluid jet. This is
evident from examining the along-track distance computed
from the data and shown in Fig. 6.

By fitting an equation of an arc to each trajectory using
a least-squares method, average turning radius of the vehicle
during the single manoeuvre could be computed. This is
depicted in Fig. 7 for all test cases. All of the measured
values vary between 70% and half of the body length of the

Fig. 8: Temporal profile of the robot heading during the
turning manoeuvre for nozzle deflections at 5, 15, 20, 25,
30, 35, 40, 45 and 50◦.

vehicle. A clear minimum is also observed around the nozzle
angle of 35◦, indicating the tightest turn.

The latter trend is consistent with the measured change
in vehicle heading, shown in Fig. 8 as a function of time
and nozzle angle. The best result from this perspective was
also achieved with the nozzle deflected to 35◦. In this case,
during a single pulsation of 0.5 sec the robot was able to
turn by approximately 160◦, all the while starting from rest.

Collected data also allows for analysis of time-resolved
velocity profiles, shown in Fig. 9 and 10 for the along-
track and radial components, respectively. The shape of both
curves reveals that both velocities increase rapidly over the
first 1 s following the opening of the valve and release of
the jet of the fluid; the robot may then be seen to slowly
decelerate. For the axial velocity, a trend is observed whereby
the higher the angle of the jet, the lower the maximum
forward speed, albeit this starts to occur only for jet angles
in excess of 20 degrees. This may be explained by part of the
jet energy being utilised to induce the yaw moment rather
than provide an axial force component. An exception to this
observation is the data measured for a 5◦ displacement that
appears to be an outlier in this respect. It is expected that
this would have been caused by the robot being affected by
the pull of the tether more significantly in this case because
of moving much further from the origin than in the other test
cases. In case of the radial velocity, the most apparent trend
is the non-linear variation of the maximum turning rate. This
may be seen to first increases with the nozzle angle but then
deteriorate past 35◦ of deflection.

V. DISCUSSION

The presented data have revealed that the optimum angle
of the nozzle for the robot is 35◦. This has yielded the high-



Fig. 9: Temporal profile of tangential velocity during the
turning manoeuvre for different nozzle deflections.

est turning rate, smallest turning radius, and larger overall
change in the heading during the examined turn manoeuvres.
Loss of performance beyond this operating point may be
attributed to the loss of thrust induced by flow occlusion
and significant viscous losses due to the appearance of sharp
corners within the nozzle conduit. This loss of usable thrust
has an impact on the associated yaw moment which, in
turn, yields a visible decrease in turning moment, rate of
rotation and an increase in the overall turning radius. This
presents a limit to the operating range of the current design
as, in theory, a nozzle could potentially be used to turn
the vehicle in place should it be deflected by 90◦ to the
vehicle axis. However, achieving such large angles presents
severe practical difficulties if acceptably low losses are to be
achieved.

The measured rapid acceleration of the robot, both in terms
of axial and radial velocities, stands in agreement with the
previously reported force measurements [25]. Those revealed
the thrust generated by the jet to be impulsive in nature and
reach the maximum value approximately 0.2 s after the jet
is produced, or approximately 0.8 s before the maximum
velocities were observed in the current self-propelled tests.

The most major obstacle in analysing the current data
stems from the peculiar nature of the tested vehicle. Due
to the impulsive nature of its propulsion system, the rapid
change of its mass as the fluid jet is released, as well as
change of the added mass due to the severe shape variation,
attained velocities were measured to experience a high degree
of variability throughout the turn manoeuvre. Furthermore, as
steady turns could not be achieved, classical manoeuvrability
analysis techniques, such as tactical diameter turn or a zig-
zag manoeuvre, could not be readily used. Instead, the most
representative mean and otherwise indicative quantities had

Fig. 10: Temporal profile of angular velocity during the
turning manoeuvre for thte investigated nozzle deflections.

to be extracted from the data. While informative, these do not
entirely capture the behaviour of the robot, which indicates
that further work is needed to achieve a more meaningful
comparison to conventional marine vehicles.

VI. CONCLUSIONS

The present investigation has revealed that a pulsed-jet
propulsor with a thrust-vectoring mechanism can be suc-
cessfully used to manoeuvre an underwater vehicle without
using additional control surfaces or hydrodynamic actuators.
Current tests were performed with the robot starting from
rest, demonstrating impressive capability to turn at very
low initial speed. However, continued work is needed to
further understand the hydrodynamic mechanisms affecting
manoeuvring performance of this category of marine vehicles
at finite speed. Most importantly, an accurate study of
the manoeuvrability of mass-varying systems needs to be
undertaken in order to accurately characterize the dynamics
of this class of vehicles [28], [29]. Indeed, the variation
of mass and added-mass [30] of this vehicle during a
turning manoeuver significantly affects the turning moment
and prevents the traditional dynamics equation employed for
other thrust-vectoring systems to be employed here. From a
design perspective, the most significant improvement needed
is achievement of higher and more uniform forward speeds
and construction of a variant of the robot independent of the
shore-based power source and control logic.

Comparing the data for different nozzle angles indi-
cates that for intermediate settings of approximately 20◦

remarkable turning performance may be achieved without
sacrificing forward speed. Importantly, the proposed design
has displayed an outstanding ability to perform turns with
a radius of the order of half the body length and change its
course by up to 45◦ while starting from rest. This is a close



match with some of the best performing aquatic organisms
[31], [32]. The aforementioned trends put the current design
in a unique relation with respect to classical propeller-driven
vehicles and fish-inspired robots, which either require a finite
forward speed or the execution of a complex kinematics
mediated by multiple actuators to achieve a similar level of
manoeuvrability [4].
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