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Introduction

arine robotics has a significant
impact on many related fields of re-
search including marine ecology
(Clark et al., 2013), oceanography
(Fernandes et al., 2000; Eriksen
et al., 2001; Grasmueck et al.,
2006), and oceanic meteorology
(Chao et al., 2008). Many design as-
pects of existing underwater robots
were inspired by marine organisms
that have been dominating the
ocean for centuries. The unique sens-
ing capabilities and locomotion effi-
ciency of these marine organisms
allow them to robustly adapt to the

ABSTRACT

In this paper, a bioinspired, compact, cost-effective autonomous underwater
vehicle system is presented. Designed to operate in a heterogeneous, multivehicle
collaboration hierarchy, the presented vehicle design features 3D printing technol-
ogy to enable fast fabrication with a complex internal structure. Similar to a pre-
vious vehicle prototype, this system generates propulsive forces by expelling
unsteady, pulsed jets, inspired by the locomotion of cephalopods and jellyfish.
The novel thrusters enable the vehicle to be fully actuated in horizontal plane mo-
tions, without sacrificing the low-forward-drag, slender vehicle profile. By succes-
sively ingesting water and expelling finite water jets, periodic actuation forces are
generated at all possible vehicle velocities, eliminating the need for control surfaces
used in many conventional underwater vehicle designs. A semiactive buoyancy
control system, inspired by the nautilus, adjusts the vehicle depth by passively
allowing water flowing into and actively expelling water out of an internal bladder.
A compact embedded system is developed to achieve the control and sensing
capabilities necessary for multiagent interactions with the minimum required pro-
cessing power and at a low energy cost. The new vehicle design also showcases
an underwater optical communication system for short-range, high-speed data
transmission, supplementing the conventional acoustic communication system.
Experimental results show that, with the thruster motors powered at a 60%
duty-cycle, the new vehicle is able to achieve a 1/4 zero-radius turn in 3.5 s and
one-body-width sway translation in 2.5 s.
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highly inhospitable ocean environ-
ment. To this end, multiple bio-
inspired designs have been proposed
in order to improve the capability
and performance of marine robots, in-
cluding hydrodynamic-efficient loco-
motion (Palmre et al., 2013; Krieg
& Mohseni, 2015), long-range acous-
tic communication, and multi-
modal sensing (Xu & Mohseni,
2014; DeVries et al., 2015).

Among many bioinspired marine
robotic innovations, resilient, adap-
tive underwater actuation is one of
the most studied topics (Chu et al.,
2012). Besides traditional actuation
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methods relying on rigid driving
mechanisms, the new field of soft ro-
botics has motivated several efforts in
studying the actuation mechanisms of
marine animals such as cephalopods
(Weymouth et al., 2015; Giorgio-
Serchi et al., 2016). Unlike ground
mobile robots, the locomotion of a
marine vehicle is tightly coupled
with the movements of a surrounding
fluid. This dynamic interplay necessi-
tates a thorough understanding of the
interactions between moving thruster
structures and the fluid motions pro-
duced. One distinct characteristic of
small autonomous underwater vehicles



(AUVs) is their highly limited onboard
power supply, which poses stringent
design requirements on the total energy
available for propulsion/maneuvering
in order to elongate the overall vehicle
endurance. For the same reason, agile
maneuverability is also highly prefera-
ble to prevent redundant actuation
during station-keeping and disturbance
rejection.

Our group has studied the propul-
sion mechanisms of jellyfish, squid,
and other cephalopods (Mohseni,
2006; Sahin & Mohseni, 2009;
Lipinski & Mohseni, 2009; Krieg
et al., 2015; Sledge et al., 2015),
which all share as a common element
a periodic pattern of expelling high-
momentum, finite, propulsive jets
followed by a refilling phase. Though
this propulsive mechanism has histori-
cally been considered inefficient, based
on steady-state scaling laws (Lighthill,
1969), recent studies on various de-
velopmental stages of squid have
suggested that high-momentum pro-
pulsive jets may not necessarily negate
a high propulsive efficiency (Bartol
et al., 2008, 2009). Therefore, finite,
propulsive jets may be more of a
feasible option for underwater vehicle
locomotion than previously thought.
One aspect of squid and jellyfish swim-
ming is an ability to create impulsive
movements with impressive accelera-
tion. Such an ability would clearly be
an advantage in underwater robotics.
We have shown, utilizing prototype
thrusters inspired by squid and jellyfish,
that, in fact, pulsed jet thrusters reach
their desired thrust output nearly instan-
taneously (Krieg & Mobhseni, 2010),
unlike traditional, propeller-style
thrusters, which can take several sec-
onds to reach the desired level of thrust
(Yoerger et al., 1990; Fossen, 1994).

Another advantage of the squid/
jellyfish-inspired propulsion is that

an external fluid manipulator is not re-
quired; the propulsion is generated
from an internal jetting cavity, much
like the internal mantle cavity of
squid and octopus. As such, this style
of propulsion can enable low-speed
maneuvering capabilities like sideways
translation (sway) and zero-radius
turning (yaw) on slender, low-drag,
torpedo-shaped vehicles, which other-
wise would be lacking in low-speed ma-
neuvering (Mohseni, 2006; Krieg &
Mohseni, 2008, 2010). The most so-
phisticated of a series of vehicles em-
ploying this type of maneuvering was
named CephaloBot, summarized in
Krieg et al. (2011), that has full control
authority in planar motions, both acous-
tic and image-based sensing capabilities,
and significant processing capabilities.

In addition to their fast time re-
sponse, the squid/jellyfish-inspired
thrusters do not add extruding struc-
tures to a low-drag vehicle profile.
Such structures would increase the
overall vehicle drag in forward motion,
much like propeller-based thrusters
added to underwater vehicles, such as
remotely operated vehicles, that require
accurate, low-speed maneuvering. The
outcomes of this include total elimina-
tion of control surfaces on the vehicle
and fully decoupled horizontal vehicle
movements. These features make our
vehicles more suitable for various real-
world applications (e.g., station keep-
ing, navigation in confined spaces,
and parallel parking) that are difficult
for conventional AUVs with control
surfaces to accomplish. In addition,
fully actuated horizontal vehicle dy-
namics significantly simplifies the de-
sign of vehicle control algorithms such
as path planning, trajectory following,
and disturbance rejection.

The goal of this paper is to describe
the adaptations made to develop a new

generation of bioinspired AUVs that

are highly cost-effective and much
smaller in size. This new design is ne-
cessitated by a mother-daughter, hier-
archical, multivehicle cooperative
system. Such a multivehicle hierarchy
is motivated by the ever-increasing de-
mands for large-scale, in-situ, oceanic
sensing and data collection, which
have been significantly benefiting ma-
rine meteorology, weather prediction,
ocean modeling, etc. (Leonard et al.,
2007; Howe et al., 2010; Das et al.,
2012; Michini et al., 2014; Reed &
Hover, 2014). Large numbers of
sensor nodes are typically required to
provide comprehensive spatial coverage.
The new AUV design presented in this
article is to serve such a purpose while
preserving the preferable mobility of
AUVs when compared to conventional
ocean drifters and floats (D’Asaro,
2003; Roemmich et al., 2009).
Cost-effectiveness of underwater
mobile sensor nodes is usually
achieved by sacrificing their sensing,
processing, and actuation capabilities.
One critical challenge faced by these
mobile sensor nodes is the fast degen-
eration of navigation performance.
Due to a lack of expensive navigation
sensors (e.g., DVL and sonar), these
platforms heavily depend on low-
cost inertial navigation systems and
frequent, time-consuming surfacing
for navigation error corrections. How-
ever, accurate localization is essential
for the sensor nodes to effectively
execute collaborative data collection
algorithms and georeferencing the
obtained data of interest. Long-term,
accurate navigation is crucial to mobile
sensor platforms in order to improve
their sensing quality and efficiency.
Cooperative multivehicle systems
are advantageous in overcoming the lim-
itations of sensor accuracy, processing
capability, coverage, and efficiency of
low-cost AUVs. The mother-daughter,

September/October 2016 Volume 50  Number 5 89



multivehicle hierarchy is aimed at im-
proving the overall navigation perfor-
mance of daughter vehicles, serving as
cost-effective mobile sensor nodes,
with a small number of well-equipped
mother vehicles, performing higher-
level decision making, data processing,
and navigational drift corrections.
The high-quality navigation sensors
onboard mother vehicles enable them
to maintain bounded navigation
errors. These vehicles can serve as sub-
optimal navigation references for cost-
effective daughter vehicles through
intervehicle communication and rela-
tive position measurements. Meanwhile,
mother-daughter interactions can also
facilitate 7n-situ sensor data collection
and task distribution.

We showcase our most recent de-
sign of a daughter vehicle prototype.
This vehicle is equipped with one rear
propeller to provide forward thrust
and four lateral bioinspired squid actu-
ators to enable agile slow-speed maneu-
vering. We start by introducing the
fundamental multivehicle navigation
structure, which poses high-level design
requirements for the daughter vehicles.
New realizations of energy-optimal
driving programs, which have recently
been implemented in our bioinspired
thrusters, are then presented. Driven
by the objective of cost-effectiveness
and fabrication simplicity, we present
an AUV design incorporating 3D
printing technology. A simple buoyan-
cy control system, inspired by marine
animals such as the nautilus, is devel-
oped. The compact embedded system
coordinating actuator movements and
sensor inputs is discussed. We
equipped the daughter vehicle proto-
type with an optical communication
system to supplement the acoustic
communication system and handle
short-range, high-speed data transmis-
sion with mother vehicles. The maneu-

verability of the presented AUV design
is demonstrated with experiment re-
sults. We conclude this paper with a
discussion on potential improvements

in cost-effective AUV designs.

Hierarchical Multi-AUV

System

The mother-daughter, mult-AUV
system comprises one or more well-
equipped AUVs, dubbed mother
AUVs (MAUVs), and many cost-
effective vehicles, named daughter
AUVs (DAUVs). The localization
error of MAUVs can be bounded by
a combination of high-performance
navigation sensors on board. State es-
timation of DAUVs relies on dead-
reckoning with noisy measurements
of low-cost inertial navigation
systems. Both types of AUVs are as-
sumed to be capable of communicat-
ing with neighboring agents in the
sensor range as well as obtaining the
relative position information of their
neighbors (Song & Mohseni, 2013).
The benefit of such a hierarchical net-
work to the navigation performance
of DAUVs is threefold. Interactions
among DAUVs enable exchange of
location estimates under the coopera-
tive localization framework (Bahr
et al., 2009). The degeneration rate
of inertial navigation performance
can be decreased and the state estima-
tion across the DAUYV fleet becomes
dependent. This facilitates the second
benefit, which is that the navigation
error divergence of DAUVs is further
alleviated through incorporating
information from MAUVs (Song &
Mohseni, 2014). Another benefit of
the hierarchical AUV network is that
major planning, processing, and data
storage can be managed by MAUVs,
making it possible to build DAUVs

with minimum processing capabilities.
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In order to experimentally test and
analyze the mother-daughter naviga-
tion hierarchy, we design the daughter
vehicle prototype with agile maneuver-
ability and basic state estimation and
intervehicle communication capabili-
ties. Using the mother-daughter hier-
archy as our design guideline, we
follow the same actuator placements
as CephaloBot to maintain the de-
coupled horizontal maneuverability
(see Figure 1). Supplementing a con-
ventional acoustic communication
modem responsible for routine infor-
mation exchanges and exteroceptive
sensing, the DAUV prototype show-
cases a compact, optical communica-
tion system for short-range, high-speed
data transmission. This allows for
fast transmission of large data packages
between the DAUVs and either the
MAUVs or a docking station.

Bioinspired Actuation

The jet propulsion mechanisms
employed by marine invertebrates
are fundamentally different from the
continuous jet propulsion of recrea-
tional watercraft. These animals are
not capable of continuously pumping
fluid; instead, they must stop jetting
periodically to refill an internal cavity
driving jet expulsion. When a fluid jet
is expelled in this fashion, starting
from rest, the free shear tube created
is unstable and rolls into a vortex ring.
The vortex ring grows with increas-
ing jet fow until a critical point is
reached and its circulation becomes
saturated, resulting in the ring sepa-
rating from the remaining shear flow
which forms a trailing wake (Gharib
et al., 1998). Gharib et al. defined a
normalized time scale called the for-
mation time, zr = Jéujdt/D, where
u; is the jet velocity and D is the noz-
zle diameter. They also showed that
vortex ring “pinch-off” occurs at a



FIGURE 1

Fifth-generation hybrid vehicle CephaloBot (Krieg et al., 2011) as the MAUV (a, b) and the proposed compact design as the DAUV (c, d). For the
DAUV (c, d), complex internal geometry such as the thruster mounts, buoyancy bag enclosure, and internal ribs are easily manufactured using 3D
printing. The internal ribs increase the space inside the hull, and the thruster mounts and buoyancy bag enclosure help ease assembly. The rear
propeller drive system is integrated with the vehicle using a magnetic coaxial coupling. The buoyancy system adjusts the buoyancy of the DAUV by
allowing water to go in or pumping water out of the bladder. (Color version of figures are available online at: hitp://www.ingentaconnect.com/
content/mts/mtsj/2016/00000050/00000005).
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universal formation time, indepen-
dent of nozzle diameter and jet veloc-
ity. If the jet is considered to be a
solid cylinder then the ratio of its
length to width, sometimes referred
to as the stroke ratio of the jet (out
of deference to cylinder piston style
vortex generators used in several stud-
ies), is equal to the formation time.
The universal formation time of vor-
tex ring pinch-off, g 4, is referred to
as the formation number (Gharib
et al., 1998). Vortex ring formation
clearly plays a large role in biological
jet locomotion since swimming be-

haviors can be categorized by whether
the animal creates propulsive jets with
stroke ratios either above or below the
formation number. This is true for
both jellyfish (Dabiri et al., 2005,
2010) and squid (Bartol et al., 2009).

Inspired by this method of marine
invertebrate locomotion, we charac-
terized the impulse transfer associated
with unsteady jetting. It was deter-
mined that a converging radial veloc-
ity in the jet generated by funnel
morphology in both squid and jelly-
fish, as well as by the formation of
the primary vortex ring, increases

both impulse transfer and circulation
generated in the jet (Krieg & Mohseni,
2013) when compared with steady 2D
jets with parallel streamlines. The

thrust enhancement due to converging
radial velocity induced by the forma-
tion of the primary vortex ring is max-
imized by jet stroke ratios near the
formation number (Krieg 8 Mohseni,
2013) and can reach an increase of as
much as 75% for flat-orifice nozzle
geometries. In addition, testing of a
prototype thruster, at pulsation fre-
quencies only available to robotic re-
productions, demonstrated that there
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were significant losses in thrust when
the jet stroke ratio was above the for-
mation number due to reingestion of
the jet trailing wake (Krieg 8 Mohseni,
2008). These losses increase with both
increasing stroke ratio and increasing
frequency. These features of unsteady
jet dynamics drive the design of nozzle
geometry and allow for an optimal cor-
relation between nozzle geometry and
jet volume in vehicle thruster models.

Squid, by far the fastest of the ma-
rine invertebrates, are known to eject
jets with an impulsive velocity pro-
gram. This means that both the jet-
ting and refilling velocities are
relatively constant with rapid velocity
changes when switching between the
two. Figure 2, taken from Anderson
and DeMont (2000, Figure 5),
shows the mantle volume of a squid
vs. time for a typical cruising velocity.
As can be seen in this figure, the rate
of change of volume is nearly linear
for both jetting and refilling phases
with significant accelerations when
changing directions of the flow.

In an effort to explain whether this
behavior is motivated by morphology,
maximum swimming velocity, or effi-
ciency, we developed high-fidelity

models for pressure inside the cavity

FIGURE 2

FIGURE 3

Thruster jet velocity associated with impulsive (a) and sinusoidal (b) velocity programs.
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during unsteady jetting, based on
the evolution of circulation in the sys-
tem (Krieg & Mohseni, 2015). It was
demonstrated in this study empiri-
cally that less energy is required to
produce jets with an impulsive veloc-
ity program. Two characteristic
thruster jet velocity programs are dis-
cussed here. Figure 3a shows an im-
pulsive velocity program where the
thruster quickly accelerates to a
desired velocity and then holds that
velocity neatly constant throughout
pulsation. Figure 3b shows a sinu-
soidal velocity program, where the
jet velocity gradually increases and
then decreases throughout the pulsa-

Mantle volume of Loligo pealei vs. time during the jetting process. Figure adapted from Figure 5
of Anderson and DeMont (2000), including straight lines to show the nearly linear volume flux

program employed by squid.

Rapid Acceleration
pd

8 x10-5 <
¥ al e , 7 .
; E 6%10-5} - \\ ,.:"‘/ rj'/.f'
5 g 4x109 b T o~
= =
= = 2x ’5 t llc!
§ S 2 10 fill j
0
0 1 2 3 4
Time (s)

92

Marine Technology Society Journal

25

0 05 1 15 2
Time (s)

(b)

tion cycle. Figure 4 shows the energy
required to create two propulsive jets
with identical hydrodynamic impulse
(propulsive output) and identical jet-
ting periods, but with impulsive vs.
sinusoidal jet velocity programs.
Though it might be reasoned that
the impulsive velocity program
would increase the total required
work since it requires such large accel-
erations at the onset of motion, the
total required energy is lower because
the large pressure forces due to acceler-
ation coincide with minimal cavity de-
formation velocity (Krieg 8 Mohseni,
2015). The sinusoidal velocity pro-
gram, on the other hand, results in
maximum pressure forces due to mo-
mentum transfer that coincide with
maximum jet velocity and maximum
cavity deformation velocity. As such
there is a much larger peak in required
energy as can be seen in Figure 4b.
The discovery of an optimal jet ve-
locity program with respect to propul—
sive efficiency was made after the
most recent vehicle prototype and
corresponding thrusters had already
been designed, fabricated, and reported
in Krieg et al. (2011). Fortunately,
the mechanical design and geometry
of the thrusters do not need to be al-
tered for the vehicle to take advantage



FIGURE 4

Instantaneous power required to drive plunger motion for (a) an impulsive plunger deflection
and (b) a sinusoidal plunger deflection. Also the total work over the entire cycle is listed for each
case. Data previously presented in Krieg and Mohseni (2015). (a) Total Required Energy =

0.31Nm. (b) Total Required Energy = 0.53Nm.
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of the optimal velocity programs. The
jetting velocity can be varied by the ve-
hicle controller, so implementation
only requires alteration of the control-
ler driving programs. The new jetting
velocity program has been implemented
on the controller of the legacy vehicle
reported in Krieg ct al. (2011), as well
as the new DAUYV platform described
in this work (see Figures 1c-1d).

Fast Vehicle
Fabrication With 3D
Printing Technology

It is highly desirable for an AUV
to be easy to transport and deploy and
also to have a greater range of access
to constrained spaces. However, lim-
ited by conventional fabrication
methods, it becomes a challenge in
compact AUV designs to maintain
comparable manecuverability and sens-
ing capabilities with that of larger
vehicles. To this end, the introduc-
tion of rapid prototyping methods,
such as 3D printing, offers an appeal-
ing alternative to conventional sub-
tractive manufacturing methods. The
hull of the DAUV prototype was

manufactured by a Fortus 360 mc
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) 05 1 16 ] 25 3
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rapid prototyping machine with an
accuracy of +0.0015 inch per inch.
Polycarbonate was selected as the
printing material due to its higher
tensile strength than acrylonitrile
butadiene styrene, which results in
better structural integrity.

In general, the surface area of an
AUYV scales with some characteristic
length-scale squared, and the volume
is proportional to the length-scale
cubed. This means that AUV surface
area and volume change dispropor-
tionally as vehicle size is reduced.
Therefore, relative to the drag forces
that they must overcome, smaller
vehicles have less internal volume to
work with, which causes spatial opti-
mization to become a high priority
during the vehicle design process.
Traditional manufacturing processes
often cannot create the complex inter-
nal and external features desired in
compact underwater vehicles. Com-
puter numerical control (CNC) mill-
ing machines are able to produce
some of these three-dimensional struc-
tures, but only with a large time and
labor commitment. On the other
hand, 3D printing allows complex
features such as internal ribs and
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component-specific interfaces to be
built directly into the vehicle hull (see
Figures 1c-1d). This results in easier
assembly as well as more usable inter-
nal space for payload and sensor hard-
ware, which would otherwise be
occupied by redundant hull materials
that are difficult to remove by sub-
tractive machining. Using 3D print-
ing technology, the fabrication time
for the daughter vehicle was decreased
by approximately 75% compared to
CNC machining.

The rear propeller drive system
utilizes a magnetic coaxial coupling
by Magnetic Technologies to transmit
torque from a shaft inside the vehicle
to an external propeller drive shaft
without physical contact. A hollow
containment barrier is fastened to
the hull and protrudes aft towards
the rear propeller. A magnetic hub
fastened to the internal shaft resides
inside the containment barrier, while
a magnetic hub fastened to the exter-
nal propeller shaft is positioned coax-
ially around the containment barrier.
The two hubs maintain angular align-
ment due to magnetic attraction,
which allows for torque transfer be-
tween the internal and external shafts.

Though there are many advantages
of 3D printing technology compared
to the conventional manufacturing
techniques in AUV fabrication, several
new design challenges are posed by
3D-printed underwater vehicles. The
3D-printed material is inherently not
waterproof, even when printed at
100% infill, and must be post-
processed. For the DAUV prototype,
US Composites 635 thin epoxy resin
system was used to coat the exterior of
the hull. This low-viscosity epoxy
provides a smooth, consistent, water-
proof surface coating to the hull. One
disadvantage is the brittle nature of the
epoxy. After extended use, the epoxy
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may chip off or delaminate from the
surface of the hull. The epoxy does
not seep into and impregnate the
plastic, which is the main cause for po-
tential delamination. Sealing external
openings is onc of the toughest chal-
lenges with 3D-printed underwater ve-
hicles. Even with a smooth epoxy
coating on top of the plastic surface,
traditional gasket and O-ring sealing
methods for the thrusters and remov-
able top did not consistently seal the
vehicle during initial testing. At these
locations, flat aluminum plates are fas-
tened onto the surface of the plastic
hull to provide a smoother surface for
a gasket interface, as seen in Figure 1d.

Buoyancy Control System

The DAUV prototype uses an in-
ternal bladder system that provides a
change in vehicle buoyancy via a
pump and valve configuration. This
system mimics the depth control sys-
tem of the nautilus, which makes
daily trips to deeper waters for feed-
ing. The nautilus draws water into
and out of the living chamber
through the hyponome in order to
produce jet propulsion. The change
of ion concentration within the
chamber fluid is a result of osmosis
via its siphuncle, which leads to
changes in the volumes of water and
gas within each of its shell chambers,
resulting in buoyancy changes. Such a
buoyancy system takes the advantage
of the ion gradient to achieve effective
depth adjustments.

Driven by the demand for a com-
pact yet effective design, the buoyancy
system of the DAUV consists of a
pump and valve configuration to
both passively intake and actively
expel water from a buoyancy bag
(bladder) inside the vehicle (see
Figure 1d). A Parker Series-3 minia-

FIGURE 5

lllustration of the working principle of the buoyancy control system during the vehicle submerg-
ing phase and the vehicle surfacing phase (a) and the control board that coordinates the behav-

jor of the pump and the valve (b).
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ture inert valve controls the water
flow going into and out of the buoy-
ancy bag. The resting state of the
valve is closed, which allows for
power consumption to be minimized
when depth changes are not needed.
Water is allowed to flow into the buoy-
ancy bag subject to the natural pressure
gradient to decrease the buoyancy of
the vehicle. A LightObject brushless
submersible water pump, with a 5-m
maximum head, pulls water from the
bladder and forces it outside of the
vehicle to increase the vehicle buoy-
ancy. A gauge (absolute) pressure
sensor is calibrated to provide instanta-
neous depth measurements, which is
utilized by the buoyancy control feed-
back algorithm.

Figure 5a illustrates the working
principle of this buoyancy system in
more detail. The arrows indicate the
direction of water flow in both the
vehicle submerging phase and surfac-
ing phase. The valve is necutrally
closed in the absence of power. For
the vehicle to submerge, the valve
opens to allow water to flow through
the unactuated pump into the water
bag due to the natural pressure gradi-
ent. For the vehicle to surface, the
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valve opens and the pump activates
to cject water from the water bag
out of the vehicle to regain positive
buoyancy. The coordination between
the pump and the valve is controlled
by the buoyancy system control board
(Figure 5b).

Compact Embedded

System

A modular embedded vehicle con-
trol system has been constructed in
order to facilitate vehicle motion, re-
cord sensor readings, and communi-
cate with the mother vehicle. This
modular system consists of a main
control printed circuit board (PCB)
that directs motor operation via I’C
communication, as well as three slave
PCBs that provide power to the indi-
vidual actuators. Both the motor
boards and the main board possess a
central processor, the Microchip
PIC18F65]94 8-bit microcontroller.
This microcontroller was chosen due
to its high number of UART,
USART, and I*’C channels, allowing
for the accommodation of several pe-
ripheral inputs. These peripheral in-
puts to the main board provide
valuable information to the control



system, ranging from navigation in-
formation to control inputs from the
acoustic and optical communication
modules. In addition to the microcon-
troller, the main board includes an
MPU-9250 nine-axis inertial measure-
ment unit and an Amphenol MEMs
pressure sensor for state estimation.
Altogether, these low-cost, low-power
components create a highly adapt-
able control system that is able to act
upon both environmental changes
and external inputs (see Figure 6).
One of the major benefits of this
embedded control system is its mod-
ularity. By constructing a modular
design with the main control board
physically isolated from the motor
drive modules, the embedded system
becomes easily expandable, requiring
only additional driver PCBs rather
than a complete system redesign to
accommodate more motor outputs
or sensor inputs. In addition, the
modularity of the control system
makes it resilient to single-motor or
single-board failures, since the motor
boards are low-cost and easily replace-
able. Finally, each motor drive board
has its own power supply input, allow-
ing for individual batteries to provide
power for individual sets of motors.
This prevents the need for a single,
high instantaneous current power sup-

FIGURE 6

ply that would be required if the entire
system was to be operated on a single

power rail.

Optical Communication
System

Wireless underwater communica-
tion is necessary for certain AUV
tasks. It is particularly important in
a multi-AUV system for intervehicle
communication, relative distance
measurement, and vehicle navigation.
We develop a compact optical com-
munication system to supplement
the acoustic communication system
for the DAUV prototype. While the
acoustic system, which is usually
omnidirectional, addresses routine
communication and exteroceptive
sensing tasks, the optical communica-
tion system allows temporary, direc-
tional, high-speed transmission
between the DAUVs and either the
MAUVs or a docking station for
large data packages.

One challenging yet critical task of
multivehicle collaboration is the wire-
less communication between several
interactive vehicles in a rapid but
accurate manner. Conventionally,
acoustic communication has served
as the default means of underwater
communication between collaborating

Two major modules of the embedded control electronic system of the DAUV prototype.

Motor Board

Motor 14C

Buoyancy

Logic and Sensor Board
Dala Logger

Additional Payload Comms | Navil*C

Power Pressure Acaoustic Motor I'C
Sensor

vehicles. However, one of the major
problems with acoustic communica-
tion is the data transmission rate,
which for long-range systems is lim-
ited to tens of kilohertz (Heidemann
et al., 2011). One promising wire-
less method for transmitting data is
through the use of short-range, high-
speed optical links. Many optical com-
munication setups have already broken
the Megabit per second (Mbps)
barrier (Brundage, 2006; Simpson,
2007; Doniec et al., 2009). In this
work, a 3-Mbps optical communica-
tion system is presented and tested
in order to serve as a short-range
link between the mother and daugh-
ter underwater vehicles.

The optical communication sys-
tem is distributed into two sections:
the transmitter and the receiver. The
transmission source for the optical
communication system was chosen
to be a high-power CREE XRGRN
530 nm green LED, similar to that
tested in Simpson (2007). This par-
ticular LED was chosen due to the
fact that, in the visible electromag-
netic spectrum, green (530 nm) light
is one of the least attenuated wave-
lengths in water and would maxi-
mize transmission distance. The
OPTX1006 collimating lens was at-
tached to the transmitter PCB in
order to reduce the divergence angle
of light and further increase transmis-
sion distance. A high-speed IRF630
NFET was chosen to act as the high-
current switch that activates the LEDs,
driven by a TC4428 transistor driver.
The input to the optical transmission
system is an RS232 TTL logic signal
for serial communication. By incorpo-
rating a single LED and collimating
lens rather than a high-powered
multi-LED or multilens array, this
optical transmitter has been optimized
for mobile platforms by significantly
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FIGURE 7

Rear and front views of optical transmitter PCB (a) and front view of optical receiver (b).

reducing the module size and power
output. The optical transmitter hard-
ware is shown in Figure 7a.

For the receiver circuit, shown in
Figure 7b, a blue-green enhanced
photodiode has been chosen as the
optical detector in order to achieve
the highest sensitivity to light when
paired with the transmitter LED.
The optical receiver circuit design is
very similar to that presented by
Brundage (2006) for high-speed un-
derwater optical communication.
However, in order to maximize the
amount of radiant power received by
the photodiode, the incoming light
was focused through an LA1145-ML
plano-convex lens from Thorlabs.
This specific lens is suitable for mo-
bile vehicle applications due to its rel-
atively large size and short focal
length, which is needed to preserve
the compactness of the receiver mod-
ule. The photodiode output current
produced from the light beam is fed
to a transimpedance amplifier, which
converts the photodiode current into
a voltage proportional to the value of
the feedback resistor. The transimpe-
dance amplifier output is further ampli-
fied and sent to a comparator along
with a variable threshold voltage pro-
duced by an adjustable potentiometer.

The optical transmitter and receiver
modules are integrated into the mother

and daughter AUV to test multivehicle

communication using the underwater

optical communication system. To
model this underwater environment
but still be able to readily adjust the
transmitter and receiver position, a
1.22-m-long clear water tank was
used as the medium of transmission
for initial optical communication
testing. To determine the maximum
stable speed for the optical communica-
tion system, a function generator pro-
ducing a pseudo-random binary
sequence served as the input to the op-
tical transmitter. After analyzing the
degradation of the received waveform
at increasing transmission speeds, it
was concluded that the optical com-
munication system could transmit and
receive data at a rate of 3 Mbps while
remaining stable. Transmission at

FIGURE 8

these speeds would be more than suffi-
cient for sending both control com-
mands and real-time sensor or video
data between collaborating vehicles.

In order to verify the stability of the
3-Mbps data rate during continuous
data transfer, a single 100-kilobyte (kB)
RGB image was transmitted across
the medium. As seen in Figures 8a
and 8b, the 100-kB image was able
to be transmitted without error across
the transmission medium, confirming
the stability of the 3-Mbps transfer rate
for our system. After performing this
initial test, the phenomenon of tem-
porary transfer interruption within
the medium was investigated to deter-
mine its effect on the received data set.
After the image transmission was half-
way completed, an obstruction was
inserted in front of the optical receiver
for approximately 20% of the total
transmission duration. As seen in
Figure 8c, although image data was
lost during the temporary blockage, it
did not destabilize the system to the
point where the post-blockage data
was corrupted. This suggests that
upon detecting either a signal blockage
or transmitter-receiver misalignment,
the data transmission can be paused
and resumed when the condition has
cleared, without corrupting the overall
data transfer.

Optical communication testing of image transmission, including the original image (a), the re-
ceived image at 3 Mbps (b), and the received image at 3 Mbps with the optical channel tem-
porarily blocked during the transmission to emulate short-term transfer interruption due to
misalignment or blockage (c).
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FIGURE 9

Underwater experiments of the DAUV prototype performing yaw, sway, and combined move-
ments. Successive snapshots were taken at the labeled time steps. Engaged actuators are marked
by arrows pointing in the direction of water flow movement. Lateral thruster motors were supplied
with power at a 60% duty-cycle during these experiments.
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Integrated Vehicle Testing

The maneuverability of the DAUV
prototype was tested in a 60,000-gallon
water tank as shown in the background
of Figure 1b. This underwater testing
environment is 26-foot in diameter
and 15-foot deep. The DAUV proto-
type is fully actuated in horizontal
motions, making it possible for us to
experiment our multivehicle coopera-
tion algorithms in a confined testing
environment.

We first demonstrate the perfor-
mance of the DAUV prototype with
a series of typical maneuvering se-
quences. Figure 9 shows three vehicle
movements including yaw, sway, and
the combination of yaw and surge.
Successive snapshots show the posi-
tions of the vehicle while the respective
actuators (red arrows) were engaged.
In this testing, all lateral thruster
motors were supplied with power at
a 60% duty-cycle. The zero-radius
yaw movement was achieved by si-
multaneously actuating two thrusters
on the diagonal. Such a movement
was impossible for AUVs relying

on control surfaces in tasks such as

FIGURE 10

station-keeping and heading distur-
bance rejection. Even under a moderate
thruster frequency setting, a 90-degree,
zero-radius turn was achieved in about
3.5 s. The sway movement is another
important feature enabled by our
bioinspired thrusters that further im-
proves the agility and controllability
of the DAUV. Such maneuverability
is extremely advantageous in tasks
including autonomous docking or
collision avoidance. During this ex-
periment, the DAUV was able to
translate in parallel for a body width
in approximately 2.5 s. Finally, the
combined motion with yaw and surge
demonstrated in Figure 9 will be ex-
tremely beneficial in operations in a
cluttered environment, such as inside
a narrow pipe of a cooling system at a
nuclear power plant or around fragile

Velocity profiles of the vehicle in surge (a), sway (b), and yaw (c) motions and the yaw velocity
profile of the mother vehicle CephaloBot (d) for comparison purposes. Arrows indicate the
direction of general flow movement when the corresponding actuator activates.
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FIGURE 11

Vehicle’s depth change responses in reaction to water volume increases in the buoyancy bag. A
100% full bag corresponds to approximately 3% vehicle weight increment. Initial descent was
measured by the underwater motion capture system. Extrapolations of the measurement data
show the rest of the steady-state vehicle descending movement before it reaches the bottom of

the testing tank.

Buoyancy adjustment response
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In order to illustrate the vehicle’s
dynamical response to buoyancy
change controlled by the semiactive
buoyancy compensation system,
preliminary experiment results are
shown in Figure 11. Two cases in
which the vehicle was submerged
were investigated with the buoyancy
bag 50% full (1.5% vehicle weight
increment) and 100% full (3% vehicle
weight increment), respectively. Since
the underwater motion capture system
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coral reefs. The combinations of all
these movements constitute the high
agility of the DAUYV, enabling it to
transit from one state to another
both accurately and efficiently.

A closer evaluation of the maneuver-
ability of the DAUV prototype is
shown in Figures 10a-10c. During
this testing, all actuators were operated
at 100% power output. The velocity
profiles are segmented into difference
phases that correspond to different
vehicle behaviors. The directions of
general flow movements out of or
through the vehicle thrusters are la-
beled for each phase to facilitate the
interpretation of the vehicle’s motion.
We present filtered measurements
by the underwater motion capture
system. Oscillations and occasional
data absences (such as in Figures 10a
and 10c) are due to camera calibration
residues and measurement noises of
the underwater motion capture sys-
tem caused by various factors such
as room lighting and reflections on
the water surface. Due to its small
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size, the DAUV prototype demon-
strates faster response and higher agility
in motion compared with CephaloBot.
As shown in Figure 10d, the DAUV
prototype has a higher steady-state yaw
velocity, and it reaches this steady state
value much faster than CephaloBot.

FIGURE 12

does not provide coverage beyond a
certain depth (approximately 0.7 m)
under current camera angle settings,
only the measurement data of the ini-
tial descending phase are presented.
Since the vehicle reaches steady state
before it goes out of the measurable
volume, extrapolation of the measured
data reveals the rest of the descending
motion. This has been validated based
on the time that is measured indepen-
dently for the vehicle to reach the bot-
tom of our testing tank.

Finally, the practical performance
of the optical communication system
was evaluated with integrated vehicle

Experimental evaluation of the optical communication system while the vehicle is in motion.
The numbers of successfully transmitted bits are reported under different relative velocities
of the vehicle with respect to the optical receiver. Experimental data matches our prediction

based on the theoretical model.
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experiments, the results of which are
shown in Figure 12. The transmitter
was facing upward inside the top
acrylic window of the DAUV, and
the optical receiver was fixed facing
downward with a vertical distance of
75 cm away from the vehicle plane.
The yaw velocity of the vehicle was
adjusted to emulate drive-by trans-
missions under various relative veloc-
ities between the transmitter and the
receiver. A series of constant 10-bit
characters were sent by the vehicle,
and the numbers of received characters
were logged and associated with the
corresponding linear relative velocities
calculated based on the vehicle’s yaw
velocities measured by the motion
capture system. The experimental
data matches our prediction based
on the theoretic model, Np;,, = 00 * BR*
2(r, + d tan 0,)/v (Schwartz et al.
2016), where BR = 9,600 denotes the
bit rate, », = 127 mm is the radius of
the transmitter lens, 4 = 75 cm de-
notes the transmission distance, 6, = 6°
represents the transmission angle from
the lens, v is the varying linear relative
vehicle velocity, and o = 1/160 is a
scaling factor that accounts for the
transmission overhead due to the em-
bedded program execution time and

UART transmission delays.

Conclusion

In this article, we presented the
design of a cost-effective, compact
AUV prototype, dubbed the DAUV,
for testing a mother-daughter, multi-
vehicle collaboration hierarchy
together with our previous AUV
design, CephaloBot (Krieg et al.,
2011). The DAUV is equipped with a
set of improved jet thrusters that were
inspired by the locomotion of squid
and jellyfish. These thrusters enable
fully decoupled rotational and lateral
movements and remove the necessity

of control surfaces without sacrificing
the hydrodynamic efficiency of the
vehicle. High maneuverability was
achieved, allowing more precise and
efficient control of the vehicle motion.
A semiactive buoyancy control system,
inspired by the buoyancy system of the
nautilus, was developed to adjust the
vehicle depth.

To overcome the challenges that
arise when decreasing the vehicle
dimension while still preserving
essential capabilities, we adopted 3D
printing technology in manufacturing
the daughter vehicle prototype. This
significantly reduced the fabrication
time compared to conventional sub-
tractive manufacturing techniques
and allowed the creation of more
complex structures to better utilize
the limited internal space. We com-
mented on several practical issues
that require special care in the adop-
tion of 3D printing technology in
underwater vehicle fabrication.

A compact embedded control
system was custom-designed to pro-
vide necessary actuation and sensing
capabilities required for multivehicle
interaction in our indoor testing
environment. This system features
a modular design for distributed
placement inside the vehicle as well
as for simplicity of debugging and
system expansion. To supplement
the acoustic communication system,
the DAUV prototype showcases a
compact, optical communication
modem that handles short-range,
high-speed transmission of large
data packages.

Although the development of the
DAUYV prototype achieved success,
several improvements were identified
to simplify the manufacturing process
and enhance the vehicle stability in
future development. We are currently
improving the vehicle’s structural de-

sign to better integrate 3D printing
materials and metal materials for
easy vehicle sealing. A more space-
efficient internal structure design is
also under investigation for the vehicle
to house a more capable embedded
electronic system. Multiple DAUVs
will be fabricated to constitute a
multi-AUV experimental setup for
our collaborative control and state esti-
mation algorithms.
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