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ABSTRACT

Recent advancements in miniature hardware techieslgmished
the development of unmanned underwater vehicles VR)U
towards more innovative designs to cater for uniguission
definitions. Considering the recent 10 years of kvdone by
various researchers in the literatures, presemiéidis paper is an
overview of several state of the art technologieslved in the
development of UUVs. Design studies are presenigtbreby
divided into various aspects including structurd/hshapes,
propulsion, and motion/hydrodynamics. Emphasesgaren to
the selection of shapes/geometry and the mateus¢sl. The
advantages and the disadvantages of the comporvesrts
discussed with respect to hydrodynamic forces gctin the
UUVs such as resistance, stability, and motion.tdrms of
propulsion aspects of the UUVs, the discussionsf@resed on
the related components used and the energy suppboard of
the UUVs.

KEYWORDS: Unmanned Underwater Vehicles; Recent
Trends; Underwater Robotics

1.0INTRODUCTION

Unmanned underwater vehicles (UUVs) have receiveddwide
attention and becoming increasingly popular for emdter
exploration in ship maintenance, military applioas,
hydrographical surveys, mineral field surveys, ssvnent
monitoring and oceanographic studies [1] [2]. MadElUVSs can

be classified into two groups; Remotely Operatedhitles
(ROVs) and Autonomous Underwater Vehicles (AUVs]). [3
ROVs are hard-tethered to a surface support vésseleans of
an umbilical cable, which permits for limited movemts. Such
ROVs are able to move within small range of arepethiding on
the cable length and flexibility [4]. On the otheand, AUVs are
more flexible in terms of movements, which areahli¢ for long—
range survey missions, while at the same time tbleater for
complicated maneuver that are assisted with expenand
elaborate navigations systems [3].

In the development of underwater vehicles, the gtesi
activities started with the theoretical design mad which
involve several important analyses that focus osistance,
propulsions, maneuverability and energy requiresy¢bl. Such
design studies usually started with shape/form gesivhich
aimed to transport certain payloads in a UUV thagsgss low
resistance hull form [6]. Such activities are foled by the
determination of the UUVS' propulsion systems, whic
considered the UUV's capability to travel with |lalkag [7] while
maintaining its maneuvering performance [8]. Latdghe
endurance of the UUV that dictate its size is oder®d in order
to determine its suitable power sources for the UR]10].

The following subsections shall discuss on the meeeorks
reported in the literatures. Consistent with theigie flow used in
designing UUVs as presented above, the discussitimis paper
shall be focusing on the geometry aspects, follovegdthe
components with respect to hydrodynamics and moti@aterials
selection and finally the energy supply and powstems.

2.0GEOMETRIC ASPECTS OF UUV

Unmanned underwater vehicle is an important inséntm
designed to facilitate researchers to explore aihgesproblems
related with underwater mission, e.g. pipeline edon,
underwater mapping, coral monitoring and underwageiculture
[11]. Therefore, for each mission, it is possibbe &n UUV to
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possess unique designs and sizes. Typical UUVsinsedustry
are of small sizes to achieve ease of handlinglamaching [2],
however larger UUVs are more suitable for heavayi@ad (e.g.
sensors and additional modules) and increased anisgepth
[12]. In this section, two common shapes are dsedisnamely
conventional box- or cylinder-type UUV, and the anegentional-
shape UUV.

2.1 Box- and Cylinder-like UUV Design

Generally, a UUV may possess the form of a boxeytinder-like

object. Each shape has their advantages dependlitigeanission
definition of the UUV. Box shape is one of the sieg forms of
a UUV (Figure 1), which consist of a set of rectalag frames
with payloads (thrusters, battery pack and corgrddoard) [13].
One of the prominent advantages of a box-like UWVthe

maneuvering capability [14], which allows for zesteady turning
radius. Other than that, such shapes are capabtarty more
thrusters that results for increased degree oflnee[15]. Due to
the lack of curves and its dependence towards $ieeofi bare-
frames, one of the major drawbacks of a box-likevdslthe drag
force [16]. High drag force that hinders the effiety is more
prominent during high speed cruising, however teednto move
from one place to another in high-speed motionoisnecessary
for such design [17].

Figure 1: A box-like shape UUV [13]

Another simple form of a UUV commonly found in the
literatures is cylindrical shape. A typical cylinzhl-like UUV is
shown in Figure 2. Such UUV normally consist of e
modules (thrusters, battery pack and controllerdjoas shown in
Figure 3 that are properly arranged inside the amuck and
possess bigger/longer cylinder as its final form].TRe
advantages of a cylindrical UUV shape lies on dts resistance
and its modular design [2]. Such UUVs are capabi@adve from
one location to the other with lower energy constiompthus able
to cover larger research area [18]. In terms ofstoetion,
cylindrical-shaped UUVs are easier to transport abk® to be
assembled in-situ due to its modular design.

Two bilge pumps for
pitch movement

Two bilge pumps for

yaw movement Propeller unit for

Forward motion

L g

Payload section

Figure 2: Modular-based cylindrical UUV [2]

Battery unit

2.2 Unconventional Shapes UUV

Generic fish shape: While simple cylindrical and box shapes are
popular among the design of UUVs, there exists aemefined
form of UUV i.e. bio-inspired shapes [19]. Bio-inspired UUV
derived its forms based on the nature-inspired ahap. fishes
[20]. In 2008 a blue fin tuna fish (Figure 3) wasilbby [21]
leveraging the capability of the fish to swim fasted perform
quick maneuvering.

Figure 3: Blue fin tuna shape design UUV [21]

Flat-fish shape: The flat—fish shape is also famous for UUV
form design for easy arrangements of componenthiwithe
UUV structure [22]Wayamba, as shown in Figure 4 is one of the
UUVs that was inspired from the flat-fish form, whidesigned
to possess excellent maneuvering characteristiaested by
[23], which consequently adapted for large class/UU
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Figure 4: Flat fish shape design UUV [22]

Boxfish Shapes. Nature has shown that the capability to
manoeuver in confined space is possible throughegaenple of
small fishes,e.g. boxfish Ostracion melagris), as discussed in
[24]. [19] demonstrated that a micro-class UUV dasinspired
by boxfish (Figure 5) is capable to manoeuver inficed space
with a near zero turning radius and possess aceslécting
mechanism that makes its trajectories immune to emwat
disturbances.

Body Shape Design
for Stability

Robotic Prototype

Flapping fin hydrodynamics
Figure 5: A spotted boxfish [19]

Soft robots: Cephalopods-inspired robot (Figure 6) is one of the
classes of soft robots that possess unique moveanengrasping
capability due to its redundant degrees of freed@sj. [8]
replicated the ability of cephalopods and builtoft sinderwater
vehicle where the structure and functional charetie which
inspired by Octopus wulgaris. Furthermore, the special
morphology of the body (no rigid structure) and hhig
maneuverability contributed towards the capabditie interact
with various environments [25].

S DCTIARM

Pure: W7
e ey

DARPA BIOOYNOTICS J
&SOFT ROBOTIC MANIPULATOR ==
.,

Figure 6: An example of cephalopods arm-inspirdmbt$25]

Hexapod-type UUV: The TURTLE (Tele-operated Unmanned
Robot For Telemetry and Legged Exploration) is ohthe UUV
hexapod variant that has the ability to swim, aradkwn three
environments; above ground, under water and abatervj26].
Such work is a shift from traditional research @xdpod robots
that ate.oare facused inthe walking.shde.. clinghivver A, raunh
road and walking in the rough ground and steep train [27].
Multiple degrees-of-freedom articulated leg that controls the2
position and the orientation of the hexapod body (Figure 7))
demonstrated its capability to serve as general-purposer
underwater robotics platform [26].

Figure 7: Standing to swimming transition: (a) §-lét; (b) 3
feet perform flapping to lift body; (c) supportirfget lift off
ground; (d) balanced flapping [26].

3.0 COMPONENTS OF UUV WITH RESPECT TO
HYDRODYNAMICS & MOTION

Typical components of UUVs with respect to its fpaimamics
with some examples from the literatures are intoeduin this
section. The discussions on the hydrodynamics atieinvthe
scope of resistance, stability and motion of thetuuU

3.1 Resistance: Velocity and Drag

Box-shaped UUV: The box-shape like UUV named MACO as
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shown in Figure 8 uses four thrusters to ensureuate amount
of directional control [16]. Two vertical thrustesse located at
the aft and stern of the slender hull, which mizienthe energy
usage to move vertically. The horizontal thrusters located
close to the sides of the hull to minimize parasitrag while
providing MACO with adequate turning capability [3]

Upgper pressure case

meter
Horizontal thruster

Lower pressure case

Figure 8: The position thrusters of UUV (MACO) [3]

Spherical UUV: The spherical-shaped UUV as shown in Figure
9 requires more thrusters than that of a box-sh&fidd. This is
due to the lack water flow separation and symmedtritraight
streamline to assist directional movement such ¢dhatbox- and
cylindrical-shaped UUV. Therefore, considerationtbe number
and the position of the thrusters is importantdpherical-shaped
UUV. Usually eight thrusters are attached arounsl body of
such UUV; four in vertical and the other four inrizontal
position to provide stable movement of the UUV [28]

1/

Figure 9: The position thrusters of spherical UWWD(IN) [28]

Cylindrical UUV: According to [1], the cylindrical shape of
UVV that inspired by the torpedoes is mostly usee do the
unique characteristic in which such shape has &blergeometry
in terms of even pressure distribution. Such cheristic results
no obvious stress concentrations and provide ferstenderness

that contributes to minimum drag. Although cylirgishaped
UUV is easy to be controlled along straight lingsperforms
poorly to follow a fast moving, agile target [28].

3.2 Stability

Metacentric Height Stability: According to the works of [29], in
order to design a UUV that is able to operate idyaamic

environment, a good buoyancy characteristic is evgd when
the center of buoyancy (CB) is close enough to déeter of

gravity (CG). Robotic Research Centre (RRC) [3(] Haveloped
a special ROV for the pipeline inspection with opfame

structure of 1 m long, 0.9 m wide and 0.9 m highs tapable of
performing passive roll and pitch motion due tonistacentric
height that provided adequate static stability. dtbomponents
include four thrusters to generate 70 N of thrémty balancing
steel weight with two cylindrical float, sensorstlwinavigation

pod (Main pod 1 and 2), and altimeter with two Igalo lamps.

Ballast tank stability: Three main factors must be considered for
the glider in to function, which are; buoyancy, mi®nal depth

of glider and pitching angle. Ballast tank is irporated as the
subsystem for this process because it contributebé motion
control where the gliding motion is depend on theter volume
intake by the ballast tank [29]. Piston ballastktés one of the
most common static diving method that consist dindgr and
piston that acts like a big syringe where the pistoaw water
inside and pushes it out, when necessary [31] tdonpe
ascending and descending motion.

Fin stability: According to [21], some of the UUVs that are
based on bio-inspired design usually used fin fabifization.
Such stabilization strategy also act as efficiembpplsion
mechanism, which allows the UUV to perform quick
maneuvering. The pectoral fin of UUV which was iinsg from
bluegill sunfish [32] possess such unique charetier which is
not limited for propulsion but also maneuveringngsialmost
exclusively via the use of pectoral fins.

3.3 Motion of UUV

Propeller-based Thruster: The use of propeller-based thrusters
in UUV is not limited as a mean of propel its bodytically and
horizontally, but also to perform roll, pitch andw movements
[33]. Although propeller-based thrusters are capalfldynamic
maneuver, one of the weaknesses of thrusters igdisation
towards positive buoyancy that requires additigreatioad to be
incorporated to the UUV to achieve neutral buoyafi&]. This
method used a lot of power to keep UUV underwaseiahse the
thrusters must remain active at all time to prevpositive
buoyancy [1].

Water jet Propulsion: Although propeller and rudder are
used widely for propulsion and steering [21], wafetrbased
steering system demonstrated as an option forrqettéormance
owing to its mechanical simplicity (less rotatingr{s and simpler
transmission mechanisms), low control complexityw-cost,
high robustness with respect to transportation aafe for
underwater swimmers in the proximity of the vehi@g

An example to support the above discussions is detrated
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in the work of [7], which incorporates vectored ematjet
propulsion technique. Such mechanism incorporatée
combination of several parallel manipulator joimesyolute joint,
prismatic joint and spherical joint as shown in Ufiey 10. The
system is capable to control 6 degree-of-freedormements, in
which the hydraulic pump produces thrust force wier jets.
Some notable advantages of such proposal aredegatmon, low
noise and high degree of directional flexibility.

—
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Figure 10: Water jet propulsion system [7]

Depth Estimation: In order to achieve robustness in mission
execution, sensors are used to acquire data ajdban response
towards vehicle movements [12]. Good charactessticsensors
are smart, low-powered, highly reliable, and snralsize [34].
Discussed in [13] is one of the best pressure-baadducer that
acts as the depth sensor for a miniature-class thHaVis able to
measure pressure value up to 700 bars.

40MATERIALSSELECTION

The materials typically incorporated in UUVs areiesved in this
section. The discussions shall revolve around s af alloys,
composites and plastic materials.

4.1 Alloy Materials

According to [5], the choice of material is impartavhere it
should possess good corrosion resistance, haveshighgth-to-
weight ratio and must be affordable. Putting castiey, Nickel-
Titanium is one of the potential alloy in whichistable contract
in cold condition and return to its original statelaced in hot
condition [21]. Alternatively, aluminium alloy isrgferred due to
its light in weight, high strength, inexpensiveftbe workability
and does not prone to magnetization [4].

9
4.2 Composite Materials

Composite material, in comparison to metals, candssl for the
UUV structure due to its unique characteristic sastor weight
reductions and the ability to expand the operatiatepth [4].
Fiber-reinforced composite materials are one of ¢bmposite
materials that can be tailored to match the remqmerg of certain
applications such as to withstand high externaksqree, good
sound absorption quality and so on as compared h®
conventional materials [35]. According [5], gladisefr reinforced
plastic (GFRP) is an inexpensive composites withhtstrength-
to-weight ratio. On the other hand, carbon fibeinfaeced
composite (CFRP) is three times more expensive eocapto
GFRP while having high tensile modulus (betterdity) [4].

—

4.3 Plastic Materials

Plastic materials are normally used as buildingenigtfor UUVs
that are operated for shallow water (10 meter deptless) [5].
The material of the plastic components consisthigii-strength
Acrylonitrile butadiene styrene (ABS), Polyvinyllohide (PVC)
and Acrylic fiber. While ABS-based components aoenmally
used for small connections, some UUV incorporat&C FHor
minor body parts, while Acrylic for the major bogwarts of the
UuVv.

PVC is one of the prominently used materials duseteeral
superior characteristics, such as; non-corrosightweight and
low cost [15]. However, PVC is only incorporated gopport
minor parts of UUV because of two main reasonsP{)C does
not provide adequate sealing surface as smootthas type of
material, (i) PVC possess high material variapili{poor
clearance, prone to leakage and rapidly decreasdiambility) [1].

Acrylic fiber is of the widely used material as@onent in
the UUV structure, mainly for the pressure-resistaswports.
Acrylic fiber does not corrode and have good stilerig-weight
ratio. [36] demonstrated the use of a transparerylie
submersible for the full whole ROV that is ablecjerate up to
1000 meter (10 Mpa) below the surface.

5.0 ENERGY AND POWER SYSTEMS

Discussed in this section are the alternativesttier supply of
energy of UUVseg. battery, fuel cell, solar panel and hybrid
power system. Succinct descriptions are presegether with
its respective reviews in the following sections.

5.1 Battery

Battery is one of the effective power sources fa\Udue to its
lightweight and compact characteristics [4]. Sns@tked battery is
favored, otherwise the energy efficiency and marmhility
performance of the UUVs will diminished. At thexsatime, the
use of battery results low vibration and noise oot hence
protect from interference to sensitive equipmerthsas sensors
and communication devices.

Strategically, batteries used in UUV consist ofngiy and
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secondary supply, in which the secondary supplically of the
rechargeable type [9]. Typical UUVs reported in theratures
mostly consume energy from the
(rechargeable batteries) although it possess smatidurance.
Comparatively, primary batteries have better enegahan the
secondary but it is expensive to use, and rathtdoacedundancy
[37].

The latest development of UUVs are incorporatingess
types of battery with respect to the efficiency,pataility,
endurance, safety and cost of the individual primand
secondary system [9], as summarized in Table 1.

Table 1: Performance comparison of typical batt@gwer
sources in UUVs

8 o 8 %
> —
E < ?‘7" 5| &5 4 s
> = S O +—
= = c g S £ O c
3 wozl e T
[ L s
Lead acid Secondar 10-2p 4B Low Low
N'C?_{N'M Secondary| 10-30 4-12  Low Low
Alkaline
batteries Low/
(heated Primary 10-30| 4-12 High Low
to+45 deg 9
C)
Silver-Zinc | Secondary  30-5( 12% High | Med.
Lithium lon 16-
(D-cells) Secondary| 40-70 Y Med. Low
Lithium 23
polymer | Secondary| 50-75 30 Med. Low
(poach
Aluminium | Semi- fuel 32- .
-Oxygen cell 80-90 36 Med. | High
Hédroge”' Fuel Cell | 100+| 40+ Med.| High
Xyger
Lithium . 100- | 40- .
Batteries | ™Y | 150 | g0 | Mi9N | Low

5.2 Fuel Cell System

In order to operate efficiently, the weight of a Ulthust be equal
to the buoyancy force acting on it [38]. As the ttleincreased,
the internal pressure of the empty hull increassdmingly. This
results the decreased ability of the UUV to casgful weight. In
such situation, fuel cell is a more effective poweurce due to
several characteristics; lightweight due to compedsgas, rapid
to refill and able to maintain constant load. Isuig it contribute
towards the increase of the efficiency of the systhat allows
for long endurance operation [18].

5.3 Solar-Powered UUVs

secondary batteries Solar-powered energy supply system is the oneethution to

support long distance operation using limited epestprage
system [10]. Solar-powered UUVs (Figure 11) levechghe
inexhaustible source of energy from the sun, howesguired to
ascend to the surface of water to recharge [34ceSihere exists
vast area of the sea that are exposed to the lsarsttategy to
efficiently incorporate solar energy for underwavehicles can
be applied with novel methods; maximum power cdntro
algorithm and equalization charging control mettip@]. In the
proposed strategy, the solar energy charging systmists of
three operational modes, which are; operation modetinuous
recharge mode and deep recharge mode. In operatole, all
batteries are recharged only by the solar enemyycohtinuous
recharge mode, solar panel or fuel cells are usa@édharge the
batteries while conducting missions. In deep rephanode, non-
critical modulesi.e perception system is disconnected and all
batteries are recharged directly by the solar panel fuel cell
[39] during operation. Such novel strategies allé@smaximum
recharge of the storage while maintaining the emoce
requirement of the vehicle.

5.4 Hybrid Energy Generation Systems

Fuel-based propulsion system and electrical powepusion
system are common in UUVs, however the limitatiforscertain
distance impeded its uses [10]. In a demandingtsitne.g. long-
range operation, Hybrid energy generation systemalite
overcome this problem [40]. Such system consisthef use of
natural resource which is more environmentallyrfdly from the
sun or waves while being assisted by battery bar, cell or
diesel generator to be used during demanding situp41]. Such
systems allow for high efficiency power deliverythviresulting
low emission footprint [42].
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CONCLUSION

Several state of the art technologies incorporated the

development of UUVs were reviewed in this paper.eTh

discussions were focused on the recent 10 year®if reported
in the literature which focused on the geometrynponents that
relates to hydrodynamics and motion, material sieles and

energy supply. In terms of geometry & propulsioiffedent level

of accuracy and endurance are required for varioissions,

hence drive for unique designs. In such contex, shape of
UUVs are not limited to only the box-, cylindricaknd spherical-
based geometry. Several UUVs incorporated bio-redpi
strategies such as fish-, multilegged-, soft- andased design to
cater for different environment. In order to operat dynamic
environment, several strategies were reviewed imge of

stability strategies (metacentric-, ballast- andn-Hased
strategies), thruster strategies (propeller- andemget-based
strategies). Several considerations that involveeria selections
were reviewed; i.e. alloy, composite and plastidamals. Both

advantages and disadvantages were highlighted rice s&s a
guideline for UUV designers in view of strength, eagtional

depth and durability. Three energy supply systemewiscussed
which are; battery, fuel cell and solar-poweredtays. The
discussions on energy were concluded with the weae hybrid

energy generation system that offers high effigieqpower

delivery with low emission footprint.
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