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GENERAL ARTICLE

Recent advancement in sensor technology for underwater applications

Mohd Rizal Arshad*

Underwater environment is the new frontier for major future discovery for the benefits of the world at large. The vastness
of the oceans mirrored the vast potentials that lie beneath it. In order for scientist and researchers to explore these vast
resources, newer and better sensing technology is pertinent. Of course, any sensor module would not be of any use if there
are no reliable platforms to take them to the bottom of the oceans or any water column. Currently, there are underwater
robotic platforms that can navigate down to more than 6000 meters. But, there are limitations which need to be addressed. In
general, the advancement of sensing technology has always preceded most, if not all, major discoveries in the field of
science and technology. The efforts into developing sensors must take into consideration the inherent environmental
limitations for underwater applications such as the corrosive nature of sea-water, bio-fouling, limited energy resource
module, pressure resistant enclosure, data transfer reliability and the dynamic nature of the ocean itself. The research into
producing acceptable sensor system/modules will require close international collaborations. The whole range of potential
measurement and sensing requirements also may disrupt the proper development of a robust and reliable sensing
system/module. Underwater sensor technology can be divided into the acoustic or non-acoustic based sensing. The major
problem of acoustic-based sensors is that they are very prone to noise. Because acoustic signal are mechanically-actuated
signal, the dynamic nature of the underwater medium disrupts the signal quality. On the other hand, the non-acoustic
sensors are very application-specific, and must be tailored made for specific applications. The utilizations of MEMs-based
underwater sensor system are a major future scope of research. MEMs-based sensor will optimize the cost of material and
energy, particularly. One other potential dimension of underwater sensor development is the bio-inspired system approach.
The existing biological system around us, especially in the oceans, is a rich depository for ideas and solutions to the
man-made problems. Bio-inspired sensor system is not just about trying to imitate the living system, but synergize the

current available technology with what nature is showing.

Underwater Sensors: The Importance

Sensors are used to measure many different
parameters in  terrestrial, air, and marine
environments. Underwater sensor applications are still
sparsely utilized and relatively expensive which imply
the need for long range communication and increase
sensors’ power usage. Currently, small, robust, cheap
and low energy consumption underwater sensor
without reducing the sensors performance are needed
to assist scientists in various underwater applications
especially in rough water environment. Such
applications are working on marine environmental in-
situ monitoring issue, port security, surveillance,
tsunami early detection, and autonomous underwater
vehicle navigation.

The prime aspects of the marine environmental
monitoring is to be able to detect and quantify the true
or in-situ value of the analyze component, rather than
collecting and preserving samples and specimens and
transporting them to the laboratory for further
analysis'.  While for autonomous underwater

*For correspondence: Underwater Robotics Research Group
(URRG), School of Electrical and Electronic Engineering,
Engineering Campus, Universiti Sains Malaysia, 14300 Nibong
Tebal, Penang, MALAYSIA
[E-mail: rizal @eng.usm.my]

navigation, sensors that can be vastly deployed on the
vehicle to provide objects detection from all direction
are needed. This will assist the vehicle to operate in
hazard environment and close proximity to the
detected object and react accordingly”. Therefore, large
numbers of underwater sensors that can be deployed on
the autonomous platform to assist the platform
manoeuvering ability or to gather real time data
are essential to study the dynamic ocean environment.

Current Underwater Sensors

Acoustic Sensors

Acoustic signals propagate better than light and
radio waves or any other types of energy in
underwater applications. The importance of acoustic
for underwater applications is undeniable, and the
enabler device is an acoustic sensor. Acoustics are
utilized to fulfill the needs of sonar and underwater
communications in scientific explorations,
commercial exploitations, defense surveillances and
environmental protection for many decades.
Underwater target detection, object classification and

localization, subbottom geological mapping and
profiling, ocean topography, bathyvelocimeter,
acoustic  holography, seismic simulation and

measurement, biological noise measurement as well
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as tsunami detection are several applications where
acoustic sensor can be found to be used extensively
and effectively. Acoustic sensors are also utilized in
underwater telephones, telemetry and underwater
sensor networks (UWSNs).  Acoustic  signal
generations and detections encounter significant
challenges due to the dynamic properties and extreme
nature of the ocean. Issues on multi-path propagation,
time variation of acoustic channel, nonlinear effects,
thermocline, strong signal attenuation, high error rate,
limited bandwidth and many more are those already
discovered, and are widely-discussed at the theoretical
level. Recent acoustic-related system researches
works are more likely to focus on the design to
improve performances, smaller size and efficient
energy consumption. Hence the boundaries in
underwater acoustic sensing are widening.

During the last many decades, scalar-type sensor
that only measures pressure component of acoustic
field is utilized extensively, in field of oceanography.
Recently, vector-type sensor starts to replace
conventional scalar sensor in various sonar
applications. It measures both scalar (pressure) and
vector (wave velocity) components of acoustic field.
Currently, there are two types of vector sensor namely
inertial and gradient vector acoustic sensor. Inertial
type directly measures the velocity by responding to
acoustic medium motion. Gradient type on the other
hand employs finite difference approximation to
estimate the velocity. Usually this type of acoustic
sensor consists of more than two velocity
hydrophones working together with pressure
hydrophone. As the result, four channel vector
acoustic sensors not only are smaller in dimension,
but also allow narrower beams to be generated with a
smaller number of sensors over a smaller foot-print
than can be obtained from a scalar acoustic sensor.
Latest application of vector-type acoustic sensor is
for target localization with full manoeuverability in
elevation in addition to azimuth™*. Recently, more
advanced two  dimensional  direction-finding
algorithms and simulation have been developed for
coherent acoustic signal’. This will widen the
exploration windows for more complex design of
vector-type acoustic sensor. Future work in this area
is expected to focus on overcoming irregular beam-
forming patterns problem. When smaller and compact
vector sensor was not small enough to fit several
applications, enormous efforts took place to shrink the
size down to micro-level. Owing to microelectronics

technology and advanced computer aided design, both
capacitive type and piezoelectric type acoustic sensors
have been successfully miniaturized for underwater
applications®®. In comparison however, development
of micro-acoustic sensor for underwater used is
relatively slow compared to airborne applications.
Micro acoustic sensors suit for light weight platforms
such as portable diver device, ROV and UUV as well
as acoustic modem and underwater sensor nodes.
Even micro-acoustic sensors have gained popularity
recently, researches and studies of macro-size and
classical design acoustic sensors still ongoing. For
example studies on new designs and applications of
tonpilz piezoceramic sandwich sensor are yet carried
out. One of the latest studies is to understand sensor
properties at low resonance frequency’, and exploring
new applications of long distance underwater acoustic
transmission'”.

Optical fiber based acoustic sensing which utilizes
light beam in generating acoustic pulses has become
an active research area recently. Researcher already
started looking for optical-based devices as an
alternative technology for higher sensitivity and better
immunity from electromagnetic interference. Fiber-
optic based hydrophone also found to be very
convenient for multiplexing. One of the latest
fiber-optic hydrophone was developed with novel
mechanical antialiasing interferometric features'' to
encounter signal aliasing in existing design. Another
research has been carried out to evaluate plastic
optical fiber (POF) as pressure sensor'” and the results
are stunning. Another advantage of POF is it comes in
a cheaper package than silicon technology. However,
application for these types of sensors still limited due
to low resonant frequency issue.

Recent advancement also takes place in sensor
arrays. Undoubtedly, studies on underwater acoustic
sensor arrays are still popular within underwater
research community. Instead of focusing on novel
shape of array, active researches is now working on
enhancing existing array performances for broader
applications. Planar and triplet arrays of hydrophones
are one of those being studied recently to overcome
weaknesses which exist in the commercial Multibeam
and Sidescan sonars'>'*,

Mutual coupling effects exist between array
elements and became a puzzling problem in practical
array of acoustic sensors. Existing mutual coupling
understanding is still relying on electromagnetic
waves extended model. Specific mathematical
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interpretation is actually needed since acoustic waves
are longitudinal, not transverse. Recent study that
focuses on this particular area has been discussed and
new understanding in mutual coupling sonar array is
achieved". This interpretation had resulting in more
accurate analyses and physical meaning in underwater
acoustic study.

Nearly half of century ago, parametric acoustic
array'® is discussed and proved about half century
ago. Ever since, the study on parametric effects has
never stopped. Recent research trend are more likely
to focus on utilizing and characterize commercial
parametric sonar for various applications. For
example, TOPAS acoustic source has been installed
on AUV for studies of seafloor scattering and sub-
bottom imaging'’. Buried objects detection and
classification in multipath environment have been
successfully achieved. With various selection of
highly sensitive parametric sonar in the market, many
new applications are expected to be explored.

The applications of highly directive, conical and
omnidirectional acoustic sensors are emerging in
underwater communication applications. One
example is underwater sensor nodes for underwater
sensor networks (UWSNs). It composes of omni-
directional and compact acoustic sensor as a
receiver. Various research groups and industry
players have successfully developed underwater
modem for underwater communication and sensor
networks'®.

Non-Acoustic Sensors
Optical Sensor

Underwater sensor applications are governed by an
acoustic sensor system for AUV object detection in
the marine environment. However, due to their high
manufacturing cost, a mass sensor deployment is not
feasible. Recently, optical fibers-based sensors have
increasingly become an important part of sensor
technology. The fiber-optic sensor systems have many
advantages such as smaller in size, low costs,
distributed measurement over a long distance, and
eliminate cross talk problem associated when using
multiple ultra-sonic sensor’. It has been reported that,
fiber optic sensor is a powerful sensors for many
parameter measurements including temperature,
pressure, strain, salinity, mass flow rate and rotation
position®'’. Their usage as a probe or as a sensing
element is growing not only in measuring the marine
chemical and physical environmental components but
also in AUV platform.

During an AUV application, due to the payload and
energy storage constraints, optical sensors designed
and developed for AUVs must be made to be smaller,
lighter and require minimal power consumption. In
addition, the AUV systems themselves might not
always be recoverable. Hence the manufacturing cost
is to be low. A development of optical fiber sensor as
proximal object and hazard detection sensor is a proof
of wusing optical fiber in underwater sensor
application’. The sensor which made from plastic
optical fiber is cheap, consumable and light, it also
has good respond sensitivity and proven to be
immune to harsh marine environment. It is able to
detect objects in a short range with proximity
detection less than 1 meter. This ability allows the
AUV to operate close to hazard, in a confined space,
or close to the sea bed.

Underwater chemical environmental components
consists the presence of oxygen, nutrients such as
nitrate, phosphate, silicate and iron for optimum
growth of marine organisms. The nutrient
concentration is measured by a very mature second
generation system called Spectrophotometric
Element Analysis System (SEAS II)'*. SEAS II
is an accurate, high resolution instruments that
incorporates both fluorescence and colorimetric
techniques. The high resolution criterion is highly
important  especially in oligotrophic marine
environment where the contents of dissolved
nutrients salts are in short supply. The ability of
SEAS II to measure the low concentration of
nutrients is achieved by applying a long-path-length
cell and multi wavelength spectrometer'®. Before, it
is impractical to have a long path length, but current
advances in material research allow the construction
of flexible optical cells with complete internal
reflection. This in return make it possible for the
cell to be wound inside a case®. A development of
attaching real time communication capabilities into
SEAS II with reduce-cost system for long-term
deployment is in plan. It can be used for monitoring
carbon system parameter which will provide better
explanation in the impact of increasing carbon
dioxide with current climate change

Optical sensor is proven to be an alternative for
acoustic-base sensors. However; biofouling are the
limiting factors for measurement accuracies and
deployment longevity. This is especially true for
moored optical sensor deployment where they
typically degraded with several weeks to at most a
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few months due to biofouling. Copper can
significantly reduce marine fouling for long-term
optical sensor deployment in marine environment®'.
Studies on copper application for optical sensor
which less toxic than chemical antifouling, can be
employed on all three types of optical sensor; open,
closed and semi-closed, and shuttered. It can be
deployed for open and closed system more than 60
days, while shutter system has an extended
deployment period of 400 days and longer without
any sign of biofouling®.

Electrochemical Sensor

Electrochemical based sensor is widely used in
marine environmental monitoring. The success in
miniaturization technology has led to the development
of real time in situ chemical sensor with high
sensitivity that robust for routine applications.
Electrochemical sensor system includes
potentiometry, amperometry, and voltammetry®.
Potentiometry, an ion selective electrodes have the
capability to measure the chemical component up to
(sub)-nanomolar levels. Amperometry is a sensor that
measures the applied current between the working and
reference electrode while Voltammetry, uses three
electrode (reference, working, and counter) where
electrode potential is applied between working and
reference electrode and current is measured between
counter and working electrodes™. The fact that most
underwater substances provide different applied
potentials, which in return provide different current
measurements, make Voltammatry a versatile
electrochemical sensor for addressing security and
environmental problem. Recently, efforts have been
focused on developing carbon fiber based
Voltammetric sensor to detect the presence of
underwater explosive residues such as trinitrotoluene,
a yellow, crystalline, water-insoluble, flammable
solid*. Besides monitoring the marine environment,
the fiber based Voltammetric sensor can also provide
security from the increasing terrorist activity.

Challenges

Underwater systems aiming for data collections
and assessments, equipped with sensors, housing and
other support structures are expected to be put on the
long-term measurements, and face very short term
biofouling effect and corrosion. Biofouling and
corrosion can disrupt measurement quality and many
approaches have been taken to counter the problem
especially for long term deployment system. The

protection of the sensing area of the sensor is the most
urgent so that workable data can be produced
continuously. Mechanically protected sensing area
using wipers or copper screen is no longer practical.
The usage of chemical biocide such as Tributyl Tin
(TBT) is prohibited worldwide since 2008. One of the

possible solutions is using localized chlorine
generation®.
Challenges also appear in the form of

environmental awareness of worldwide marine
research community. Generation of high intensity
sound at certain frequency for long-range underwater
sonar and communication are found to be affecting
the marine cetaceans™. A novel approach to transmit
low intensity sound at long range should be
established, especially, for power sensitive
underwater platforms. Other challenge is on the
design of the platform. Acoustic sensor especially
vector-type sensor appears to be very sensitive when
rigidly mounted on the moving platforms such as
ROV and AUV. The effort should be made to support
the development of mounting system to provide
isolation from platform vibration without reducing the
sensitivity of operating acoustic sensor. Another
challenge is when operates the sensor. For example,
micro-size acoustic sensor design promises smaller
housing. Small housing or encapsulation should allow
the water to flow past it without causing turbulent.
Turbulent issue is crucial for shallow immersed
transducer unit since air could easily separated from
the water in the form of bubbles. Reflected acoustic
signals by bubbles sometimes causing serious
interfere, especially during high speed operations.
Thus, most acoustic transducer design should be
tailed with proper encapsulation and housing
development.

Sensor design itself facing a lot of challenges.
Deeper operation of acoustic sensor will expose the
sensor to underwater pressure which can results in
large deflection of thin diaphragm due to the nature of
acoustic sensing that requires cavity for diaphragm
deflection. Large deflection however, will force
sensor to function in saturation region and reducing
the resolution of the sensor. Recent work to overcome
large deflection is conducted by reinforcing the design
using double thin-thick diaphragm combination®. This
design however only suits for static pressure
measurement application due to low sensitivity
and operating range. In transmitter design, micro-
machined thick film piezoelectric sensor array has
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been developed’. Thicker transduction material
however has sacrificed the bandwidth and
sensitivity of the sensor. Recent challenge in acoustic
micro-sensor design is to minimize the size or
completely remove the cavity without compromising
performances.

Future Potential Solutions

Bio Inspired Sensors

Animals display a great variety of sensory system
that easily outperforms existing sensors generated by
human. Getting inspiration from learning and
mimicking nature always serve new design
approaches that push current information technology
to a new paradigm. New discoveries in neurosciences
and advances in recent technologies such as MEMS,
neuro-interfacing, biocompatible materials, low
power computing and communications devices are
among the driving forces behind today’s development
of bio-inspired information technology®’. Biologically
inspired approaches have successfully proved major
breakthrough in a wide variety of problems®. A more
recent trend is to explore applicability of bio inspired
approaches into underwater technologies. This new
adaptation will enhance the future development of
underwater sensor in many ways. The box jellyfish
behavior imitation will help create cheap underwater
sensor platform for mass sensor deployment, while
plankton photoluminescence ability to produce
light at a visible wavelength that scattered less as
compared to radio wave inspired new way of data
communication that provide an alternative to
acoustic system.

It is known that jellyfish has inspired scientists to
mimic their biological behavior to create a covert
network of widely distributed underwater sensors
network””. The sensors will be attached to the
artificial jellyfishes, and passing through information
from one sensor to another while the artificial
jellyfishes maintaining their respective places in the
water. Currently, a study on understanding the
behavior of the jellyfish and creating in expensive
platform that made of simple and acoustically
transparent materials is actively done. Recent finding
on box jellyfish swimming ability shows that at a
slower flow current the box jellyfish will swim both
with and against current, but when the current flow
increase they are more likely to move with the current
and, in fact, their travelling rate also increases’".
The data collected is concluded that the box jellyfish

posses the ability to swim against the current but they
do so until the current reaches at certain velocity.
At this velocity, it is either they are no longer able to
move against the current or the energetic cost required
to move against the current outweighed the benefits.
Therefore a future study on understanding the
behavior of box jellyfish is an important aspect of this
project. While jellyfish provides new inspiration for
inexpensive underwater network platform, underwater
living organism and plankton prompt the development
of Smart Plankton, a new generation of underwater
wireless sensor network™. By adopting “smart dust”
project which already applied in terrestrial wireless
sensor network, the observation on marine organism
and plankton help ease the transferring process of the
mature terrestrial system to their underwater
counterpart. Photo-luminescent plankton’s drifter
ability in real current and their light production with
visible wavelength that scattered less as compared to
radio wave becomes the anchor of this new finding®.
The smart plankton will communicate wirelessly
using flashing LEDs to send messages and will
release in a group to drift through to track a water
condition at a wide area.

MEMS Based Sensors

The advancement of MEMS technology has enable
scientist to miniaturized sensors on a dimensional
scale of microns™. Recently, the achievements in
MEMS technology help to realize the adaptation of
new sensor design approached inspired by animal
behavior into a ‘functional’ biologically inspired
underwater sensor. For example the development of
MEMS flow sensor is the fundamental of superficial
neuromasts (hairs) sensor development that used for
navigation in some fish*>”°. This new generation of
sensor will help augment or provide better alternative
to current acoustic system. Another example is the
blind cavefish which rely on their hair to sense
obstacles, predators, and prey. Their ability to detect
underwater objects and navigate blindly in complex
underwater environment inspired a group of
researches to mimic their hairs structure. This
artificial haircell is fabricated using MEMS flow

sensor encapsulated with hydrogel cupula®?’,

Future Works

Underwater sensor has gone through a remarkable
development. However many of the develop sensors
especially chemical sensors are still at the prototype
stage, and lack investments necessary to turn them
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into robust and reliable Commercial Off-The-Shelf
(COTS) sensors>**’. Current investigation shows that
tremendous effort has been put to produce a simple,
robust, real-time and in-situ sensor system. But still
there is room for future challenges in producing
robust and reliable sensors which could be routinely
deployed in the marine environment on autonomous
platforms. Possible future challenges on underwater
sensor development are standard interface with plug
and play capabilities across a range of sensors and
data feeds/types, higher stability and more robust with
possible utilization of MEMS-based and Bio-inspired
approaches.

Acknowledgements

This research was funded by the Malaysian
Government, Ministry of Science, Technology and
Innovation (MOSTI) Grant No. 6050124. We would
like to thank the URRG Research Team (USM
Robotics Research Group) for their assistance and
support.

References

1 Varney M. S., Ed. Chemical Sensors in Oceanography,
Gordon and Breach, 2002

2 Toal D. J.F,, et al. Proximal object and hazard detection for
autonomous underwater vehicle with optical fibre sensors.
Robotics and Autonomous Systems, Volume 53, pp:
214-229, 2005

3 Wong K T & Chi H, Beam Patterns of an Underwater
Acoustic Vector Hydrophone Located Away From Any
Reflecting Boundary, IEEE Journal of Oceanic Engineering,
27 (2002) 628-637.

4 Wong K T & Zoltowski M D, Closed-form Underwater
Acoustic Direction Finding with Arbitrarily Spaced Vector
Hydrophones at Unknown Locations, [EEE Journal of
Oceanic Engineering, 22 (1997) 566-575.

5 He J & Liu Z, Two Dimensional Direction Finding of
Acoustic Sources by a Vector Sensor Array Using the
Propagator Method, Signal Processing, 88 (2008) 2492-
2499.

6  Aravamudhan S & Bhansali S, Reinforced Piezoresistive
Pressure Sensor for Ocean Depth Measurements, Sensors
and Actuators A, 142 (2008) 111-117.

7 Wang Z, Zhu W, Miao J, Zhu H, Chao C & Tan O K,
Micromachined Thick Film Piezoelectric Ultrasonic
Transducer Array. Sensors and Actuators A, 131 (2006) 485-
490.

8  Ito M, Okada N, Takabe M, Otonari M, Akai D, Sawada K &
Ishida M, High Sensitivity Ultrasonic Sensor for Hydrophone
Applications using an Epitaxial Pb(Zr,Ti)O; film grown on
StRuO;/Pt/y-Al,05/Si, Sensors and Actuators A, 145-146
(2008) 278-282.

9  Wevers M, Lafaut J P, Baert L. & Chilibon I, Low Frequency
Ultrasonic Piezoceramic sandwich transducer, Sensors and
Actuators A, 122 (2005) 284-289.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

INDIAN J. MAR. SCI.VOL. 38, NO. 3 SEPTEMBER 2009

Chilibon I, Underwater Flextensional Piezoceramic
Sandwich Transducer, Sensors and Actuators A, 100 (2002)
287-292.

Wang Z, Hu Y, Meng Z, Luo H & Ni M, Novel Mechanical
Anti-Aliasing Fiber-Optic Hydrophone with Fourth Order
acoustic Low Pass Filter. Optic Letters, 33 (2008) 1267-1269.
Kulkarni A, Na J, Kim Y J, Baik S & Kim T, An Evalueation
of the Optical Fiber Beam as a Force Sensor. Optical Fiber
Technology, 15 (2009) 131-135.

Schock S G, Tellier A, Wulf J, Sara J & Ericksen M, Buried
Object Scanning Sonar, [EEE Journal of Oceanic
Engineering, 26 (2001) 677-689.

Preston J R, Using Triplet Array for Broadband
Reverberation Analysis and Inversions, IEEE Journal of
Oceanic Engineering, 32 (2007) 879-896.

Lee K C, Understandings and Interpretations for Mutual
Coupling Within Sonar Arrays, IEEE Journal of Oceanic
Engineering, 33 (2008) 210-214.

Westervelt P J, Parametric Acoustic Array. J.A.S.A., 35
(1963) 535-537.

Edwards J R, Schimdt H & LePage K D, Bistatic Synthetic
Aperture Target Detection and Imaging With an AUV, IEEE
Journal of Oceanic Engineering, 26 (2001) 690-699.

Nam H & An S, An Ultrasonic Sensor Based Low-Power
Acoustic Modem for Underwater Communication in
Underwater Wireless Sensor Networks, EUC 2007, pp. 494-504.
Adornato L. R., et al. High Resolution In Situ Analysis of
Nitrate and Phosphate in the Oligotrophic Ocean.
Environmental Science Technology, Volume 41, pp:
4045-4052, 2007

Hogan H. Measuring Life’s Limit in the Ocean. Photonic
Spectra:  Spectroscopy Focus, July, 2007. Retrieve
August 8, 2009, from http://www.photonics.com/Content/
Read Article.aspx? ArticleID=30027

Aksuner N., et al. Selective optical sensing of copper(Il)
ions based on a novel cyclobutane-substituted Schiff base
ligand embedded in polymer films. Sensors and Actuators
B: Chemical, Volume 134, pp: 510-515, 2008

Moore T.S., et al. Marine Chemical Technology and Sensors
for MarineWaters: Potentials and Limits. Annual Review of
Marine Science, Volume 1, pp: 91-115, 2009

Song J.M., & Zhao W.D., A new Biogenic Sulfide Chemical
Sensor for marine Environmental Monitoring and Survey.
Chinese Journal of Oceanology and Limnology, Volume 19
(3), pp: 282-286, 2001

Fu Xiaojuan, er al. Remote underwater electrochemical
sensing system for detecting explosive residues in the
field. Sensors and Actuators B: Chemical, Volume 106, pp:
296-301, 2005

Delauney L, Compere C, Coail ] Y & Guyader G, Biofouling
Protection for Underwater Observatories Sensors by Local
Chlorination, paper presented at the European Geosciences
Union General Assembly, Vienna, 2009.

Talpalar A E & Grossman Y, Sonar versus Whale: Noise
may disrupt neural activity in deep diving cetaceans, UHM
2005, pp. 135-139.

Roska T., BIONICS-Bio Inspired Information Technology:
Workshop Report and Recommendations, Brussels, 19-21
June, 2001.

Bar-Cohen Y., Ed. Biomimetics: Biologically inspired
technologies, Taylor and Francies, 2005



29

30

31

32

33

ARSHAD: RECENT ADVANCEMENT IN SECTOR TECHNOLOGY FOR UNDERWATER

Barnes J. H., Studies on three venomous Cubomedusae.In
The Cnidaria and Their Evolution: Symposium of the
Zoological Society of London. No. 16 Academic Press,
London: 307-332, 1966

Kinsey B. E., 1986. Barnes on Box Jellyfish. James Cook
University of North Queensland (Sir George Fisher Centre
for Tropical Marine Studies), Townsville, Australia.
ISBN0864432003.

Gordon M. R. & Seymour J. E., Quantifying movement of
the tropical Australian cubozan Chronex fleckeri using
acoustic telemetry. Jellyfish Blooms, Hydrobiologia, Volume
616, pp: 87-97, 2009

Anguita D. et al, Smart Plankton: a Nature Insired
Underwater Wireless Sensor Network, In IEEE Natural
Computation 2008. ICNC ’08. Fourth International
Conference, Volume 7, pp 701-705, 2008

Robson D., (2008, August 21). Smart Plankton to ‘see’
underwater. NewScientist Technology. Retrieved August 8§,
2009, from http://www.newscientist.com/article/dn14577-
smart-plankton-to-see-underwater.html

34

35

36

37

38

39

273

Hsu Tai-ran. MEMS and Microsystems:
Manufacture,McGraw-Hill, Boston, 2002
Michael E. M., et al. Biologically Inspired Design of
Hydrogel-capped Hair Sensors for Enhanced Underwater
Flow Detection. Soft Matter, Volume 5, 292-295, 2009

Zhou Zhi-guo & Liu Zhi-wen, Biomimetic Cilia Based on
MEMS Technology. Journal of Bionic Engineering, Volume
5, pp: 358-365, 2008

Peleshanko S. et al, Hydrogel-Encapsulated Microfabricated
Haircells Mimicking Fish Cupula Neuromast. Advance
Material ,Volume /9, 2903-2909, 2007

Perry M.J. & Rudnick D.L., Observing the ocean with
Autonomous and Lagrangian Platforms and Sensor (ALPS):
The Role of ALPS in sustained ocean observing system,
Oceanography — Special Issue Ocean Observation, Volume
16, pp 31-36, 2003

De Sousa J.B., Macile B. & Pereira L.B., Sensor System on
Networked Vehicles. American Institute of Mathematical
Sciences, Volume 4(2), pp 223-247, June, 2009

Design and



