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Introduction
In recent years the field of smart structures, including sensing and control, has been growing at an
extraordinary rate. As of today, however, there has been relatively little work performed in applying this
technology for monitoring and control of offshore and marine structures. In offshore environment,
structures are subjected to critical loading cycles (e.g., wave action, temperature changes, and heavily
corrosive environment to name a few), unparalleled to those in any other environment. With the costs that
are associated with the manufacturing of marine vessels and structures, and their day-to-day operations and
maintenance cost, the selection of an effective method of monitoring their performance and integrity, as
well as their control is of paramount importance.
In this paper, we will present a brief, yet detailed description of the different smart materials that are
available for structural monitoring and control, such as electrorheological fluids, shape memory alloys,
fiber optics, piezoelectrics, and magnetostrictives. We will also discuss the applications of these materials,
including their advantages and shortfalls. The outlined discussion will help the reader to select the most
optimum smart material for a given application.

Smart Materials
In order for a material to be classified as smart materials the following characteristics must be met. They
must poses a definite purpose, have a means to perform that purpose, and posses a biological pattern of
functionality. This results in materials that function as a sensing and/or actuating material, materials that
reproduce biological functions in a load bearing system, passively smart materials have a self-repairing or
stand-by characteristics, and actively smart materials utilize feedback. In classifying smart structures there
are several terminologies used depending on the degree of complexity of the system. Figure 1 shows a
pictorial of different classifications and how they overlap.

ADS = Adaptive Structure, SS = Sensory Structure, CS = Controlled Structure
ACS = Active Structure, IS = Intelligent Structure
Figure 1: Classification of Smart Structural Systems (1)
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An adaptive structure is one which posses an integrated system of actuators used to control the system,
where a sensory structure is a structure that has integrated sensors to monitor the system. When a structure
has a combination of sensors and actuators and a closed loop control system the structure is classified as a
controlled structure. When the integrated components serve some function in the load bearing capacity of
the structure it is classified as an active structure, and finally when a active structure contains a high
integrated control systems the structure is classified as an intelligent structure.
Smart materials that are currently available for actuators only include shape memory alloys and
electrorheological fluids, while fiber optic sensors can be implemented as sensors only and piezoelectric
and magnetostrictive materials can be implemented as sensors and/or actuators.
Electrorheological (ER) fluids consist of dielectric particles submersed in an oily fluid, which respond to an
applied electric field. This response is such that the dielectric particles align with the applied electric field
and the fluid becomes more like a gel, as shown in Figure 2.

Figure 2: Response of Electrorheological fluid to an Applied Electric Field (7)
This gel has increased stiffness and damping properties over the fluid, which enables it to control unwanted
stimuli in the structure. Electrorheological fluids are generally implemented with laminated composite
sandwich structures. The main reason for this is the ease of fabrication, since the addition of the fluid is
simple. The main application for ER fluids is in shape control of the structure, since different
compartments of ER fluid can be used to control the shape at different positions with different degrees of
control. The advantages that are associated with the use of ER fluids is the quick response time, fairly good
structural durability, both AC and DC voltages can be used, and large shear stresses can be induced, which
make these materials useful in shape control applications. However, several disadvantages exist such as a
limited knowledge of their behavior, poor reproducibility due to particle settlement, low force generation
with small volumes of material, they require large amounts of power, and creep in the material s an issue.
For these reasons, more research with these materials are required to determine their full potential.
Shape memory alloys are metallic alloys with two distinct solid phases, which change their shape when
heated and cooled, with the most common being nitinol, which is an alloy of nickel and titanium. The two
solid phases are martensite at low temperatures and austenite at high temperatures, which are present based
on the temperature relative to the materials transition temperature. The behavior of shape memory alloys is
defined by their hysteresis loop as is shown in Figure 3. The two temperatures that are of importance when
heating the alloy is As and Af, which is the austenite start temperature and austenite finish temperature
respectively. These are the temperatures in which the martensite starts to transform to austenite and the
temperature in which the entire specimen will be austenite. Upon cooling the two temperatures that are of
importance are the martensite start temperature, Ms, and the martensite finish temperature, Mf. These are
the temperatures at which the austenite starts changing to martensite and the temperature at which the
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specimen will be entirely composed of martensite respectively. The final two parameters that are of
importance in shape memory alloy behavior is the temperature Md, which is the maximum temperature that
an applied stress can result in the formation of martensite and H which is the hysteresis in the formation of
martensite and austenite. The difference in the material properties of the two phases is shown in Table 1.

Figure 3: Typical Nitinol Hysteresis Loop (3)

Table 1: Mechanical Properties of Martensite and Austenite Phases (3)
Nitinol
Ultimate Tensile Strength (MPa)
Tensile Yield Strength (MPa)
Modulus of Elasticity (GPa)
Elongation at Failure (%)

Austenite
800-1500
100-800
70-110
1-20

Martensite
103-1100
50-300
21-69
Up to 60

There are three modes of actuation that can be produced by shape memory alloys, which are the one-way
shape memory effect, two-way shape memory effect, and the superelastic effect. The one-way shape
memory effect is such that when the element is deformed below the transition temperature, and then heated
above the transition temperature it will return to its original shape and retain this shape when cooled. The
two-way shape memory effect is such that the alloy has a memorized shape above the transition
temperature and a different one below the transition temperature. When the material is deformed at a
temperature above Af, it will return to its memorized shape immediately after the removal of the load,
which is classified as the superelastic effect.
Shape memory alloys can be implemented to control the shape, change the structural modes, dampen, and
control vibrations when they are embedded into the structure. These materials can also be implemented as
passive damping or active damping elements. The advantages that are associated with the implementation
of shape memory alloys include production of large forces, ease of manufacturing different shapes and
sizes along with desired properties, the material is ductile, heating can be easily done through resistive
heating, very effective for low frequency applications (< 5 Hz.), can be easily embedded into laminated
composites, and have very large strain recovery capabilities as shown in Table 2. The disadvantages
associated with the use of shape memory alloys are a slow response time, low energy conversion
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efficiency, may not be useful in applications that experience large temperature changes, are unweldable and
expensive for large scale applications, and have a nonlinear thermomechanical behavior that can limit their
accuracy.
Table 2: Recoverable Strain as a Function of the Number of Cycles (8)
Number of Cycles
Up to 1
1-100
100-10,000
10,000-100,000

Transformation Strain
Up to 8%
Up to 5%
Up to 3%
Max 2%

Fiber optics sensors act on the principle of transmitting a light signal through them and measuring the status
of the returning signal. The change in the signal properties is then translated into appropriate quantities
(such as strain). Fiber optic sensors generally have silica glass cores but for some specialized applications
materials such as sapphire, fluoride glass and neodymium doped silica are used in their formation. A
dielectric material that is referred to as the “cladding” surrounds the core. The cladding material must have
a lower refraction index than the core material to satisfy the Snell’s Law for total propagation of the light
along the core of the fiber. The cladding is then covered in a plastic, referred to as the “barrier”, which
gives the fiber protection and mechanical strength.
There are several classifications of fiber optic sensors, which depend on the media monitored, the way the
signal is transmitted, the quantity to be measured, and whether the optical fiber is the sensor or just a
transportation media. The four methods of media transmission allowing for the desired measurement are
based on the light intensity, phase difference in the transmitted and receiving signal, frequency change in
the signal, and the polarization of the signal. These are referred to as intensiometric, interferometric,
polarimetric, and modalmetric sensors respectively. The two modes associated with the different types of
media measured are the single mode fibers, in which the light signal is transmitted directly through the
fiber without refraction between the core and cladding, and a multimode fiber that has the light signal
refracted between the core and cladding. The single mode fibers have smaller core diameters (~5-10
microns), compared to the multimode fibers, which have core diameters of 50, 62.5, and 100 microns.
When classifying the sensors based on the stimuli measured, there are classified into three categories: the
physical sensors measure temperature, stress, etc. while the chemical sensors measure pH, gas properties,
etc., and the bio-medical sensors measure blood flow, glucose content and so on. Note that the
intensiometric and interferometric sensors can be implemented in all these applications. The final
classification of fiber optic sensors depends on whether the sensing takes place in the fiber itself or in a
region outside the fiber. An extrinsic optical fiber sensor is one in which the measurements are taken in a
region outside the optical fiber and the optical fiber is just a conduit to transmit the light to and from the
sensing region. An intrinsic fiber optic sensor is one in which the physical properties of the optical fiber
are changed. Fiber optic sensors can be designated as point sensors, which measures the disturbance in the
optical fiber over a discrete localized region. A distributed sensor on the other hand is capable of
measuring fields continuously over their length, and a quasi-distributed sensor if it takes measurements at
various points along the length.
Fiber optic sensors are a viable and effective option for sensing in virtually all structural applications. They
can be implemented in order to monitor a large range of stimuli including strain, vibration, pressure, flow,
and chemical composition to name a few. They are lightweight, small, have a fast response time, are
immune to electromagnetic interference, and corrosion resistant, which makes them available for all
applications. Due to the small size of the fiber optics, they are ideal for embedment into laminated
composites. Some of the downfalls of fiber optic sensors are the availability of optical sources and the
need to isolate the sensor from unwanted parameters. For the application under our consideration,
however, they were not deemed suitable, as they cannot be used as actuators.
Piezoelectric materials are those that can be used as sensors and/or actuators. There are three different
classes of such materials. First are the natural materials (such as quartz, topaz, cane sugar, and Rochelle
salt) that exhibit piezoelectric properties, although on a small scale, with quart being the most widely used.
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The other two types of piezoelectric materials that are available are ceramics and polymers. The most
common piezoceramic is Lead Zirconate Titanate (PZT) while polyvinylidene fluoride (PVDF) is the most
common piezoelectric polymer. These piezoelectric materials are manufactured by polarizing the material
in a given direction. This aligns the polarization direction of the crystals, thus increasing the effects of an
applied or measured stimulus. In most applications a piezoceramic or piezoelectric polymer is used due to
their improved properties over naturally occurring piezoelectric materials. Piezoelectric materials produce
an electric field when subjected to a mechanical strain, which is known as the piezoelectric effect. In this
case the piezoelectric element can be used as a sensor for stress or strain measurements and damage
detection. If an electric charge is applied to the piezoelectric element, it will produce a displacement. This
is known as the reverse piezoelectric effect and in this case, the piezoelectric material can be used as an
actuator. Perfect collocation can occur when the same piezoelectric element is used for both sensing and
actuating. When this is done, nonlinearities exist due to interactions of the sensing and actuating signals.
This can be corrected for when a proper bridge circuit is used to separate the sensing and actuating signals.
In most cases when piezoelectric elements are used for both the sensing and actuating mechanisms, two
closely spaced elements are used with one serving as a sensor and the other as the actuator. In most
applications the electric field is applied or measured through the thickness of the piezoelectric element
which is referred to as the 3-direction. This leads to two of the piezoelectric modes, namely the 33-mode
and the 31-mode. In these modes the measured or applied stimuli is in the poling direction and
perpendicular to the poling direction respectively. A third mode that is employed is the 15-mode. This
mode relates an applied or measured value to the shearing of the material.
The advantages of piezoelectric compared to the other smart materials, along with the fact that they can be
utilized as both sensors and actuators make them appealing for a wide range of applications. Piezoelectric
elements are lightweight, exhibit linear behavior between applied field and displacement, can operate over
large temperature ranges, have a fast response time in the order of microseconds, are not effected by
magnetic fields, show good stability, and can operate at high frequency ranges (in the order of 10 kHz).
Since piezoelectric materials are manmade materials, they can be manufactured into all shapes and sizes.
Along with this, their small size (specially, small thickness) and lightweight makes them suitable for direct
embedment into composite laminates. Some of the downfalls associated with the use of piezoelectric
materials are that due to their crystalline structure, they are brittle and therefore are not suitable for
situations where they are primarily subjected to large tensile stress, as they can be depolarized when
subjected to large applied voltages. Due to their use as active control elements, the control system
implemented must be correctly designed or instabilities in the system may be developed. When
implementing piezoelectric materials as actuators, the required peripherals mainly consist of a power
amplifier and a voltage source. The voltage source can be simply a power source or a personal computer
with a proper analog output board. The personal computer allows for the signal to be output as a sinusoidal
function, which would be best for controlling vibrations in structures. When the element is used as a
sensor, the voltage produced is very large so one generally requires a cut down circuit to allow for
monitoring of the signal, which can be generally handled with a PC.
Magnetostrictives are materials that change dimensions when they are subjected to a magnetic field. Most
ferromagnetic materials exhibit some level of magnetostriction, but alloying these materials with rare earth
metals can lead to “giant” magnetostrictives that have improved characteristics. Within this class of
magnetostrictives, the most common material is known as Terfenol-D, while new advancements are being
made in manufacturing magnetostrictive composites. Due to the nature of magnetostrictive materials they
can be implemented as actuators by applying a magnetic field, or sensors by measuring the magnetic field
they generate. In the use of magnetostrictives there are two effects that can be used for actuator and sensor
applications. The first is the Joule effect that produces a change in the transverse and length directions for
an applied magnetic field, and the second is the Wiedemann effect that deals with the twisting/torque of the
magnetostrictive material. When a magnetic field is applied to the element, a transverse change in
dimensions accompanies the length change produced by the Joule effect. This scenario would be used in
the application of actuators to produce force or displacement from an applied magnetic field. The
reciprocal effect, in which applying a stress to the material causes a change in its magnetization, is known
as the Villari effect (also referred to as the magnetostrictive effect and magnetomechanical effect). The
Villari effect is commonly used in magnetostrictive sensors. The second magnetostrictive effect used in
these devices is the Wiedemann effect, in which a twisting results from a helical magnetic field, which is
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often generated by passing a current through the magnetostrictive sample. The inverse to the Wiedemann
effect, also known as the Matteuci effect, is used for magnetoelastic torque sensors, by measuring the
magnetic field produced by the torque stress on the sensor. In many devices, conversion between electrical
and magnetic energies facilitates device use. This is most often accomplished by sending a current through
a wire conductor to generate a magnetic field or measuring current induced by a magnetic field in a wire
conductor to sense the magnetic field strength. Hence, most magnetostrictive devices are in fact electromagneto-mechanical transducers.
Magnetostrictive materials are analogous to piezoelectric materials but are operated on a magnetic field
instead of an electric field. These materials produce a larger force then piezoelectrics, but are more
equipment intensive due to the producing of the magnetic field. They are also more expensive to the rare
earth metals involved in their production, and do not exhibit a linear behavior between the applied field and
the resulting displacement. Like piezoelectric materials they can be used as sensors and actuators and have
a quick response time. Therefore they are very suitable for high frequency application, but do require more
space for the production of the magnetic field. This eliminates them from being embedded into composite
materials effectively without causing local disturbances in the laminate.
When implementing
magnetostrictives the magnetic field is developed or monitored by wrapping the element in a series of wire
loops. For this reason, you need a system that can monitor and/or send an electric current through the coil
to use the system as a sensor or actuator.

Summary
From this paper it can be seen that the introduction of smart materials into offshore structures can be used
to significantly change the current practices. Piezoelectric or magnetostrictive materials can be easily
implemented for high frequency dynamic applications where monitoring and control are desired. It is more
advantageous to use magnetostrictives when the size of the element is not a major factor, but when the size
of the element is of concern, such as embedding into components; piezoelectrics are a very promising
material. When monitoring of a system is of primary importance then fiber optic sensors become highly
attractive, due to their ability of monitoring all parameters of interest. In actuator applications at low
frequencies or static situations, the use of shape memory alloys is an effective approach due to their high
force generation and strain recoverability. Electrorheological fluids show promise in composite sandwich
structural applications but require further research and development to fully understand their potential.

Acknowledgments
I would like to thank the Natural Science and Engineering Research Council of Canada and Defense
Research Establishment Atlantic in their assistance in making this research possible.

References
1) Clark, R.L., Saunders, W.R., and Gibbs, G.P., “Adaptive Structures: Dynamics & Control”, John Wiley &
Sons Inc., 1998
2) Piezo Systems Inc., Introduction to Piezoelectricity, http://www.piezo.com/intro.html, (March 20, 2002)
NDC Nitinol Devices & Components, http://www.nitinol.com/default.htm, (March 20, 2002)
3) Oulun Yliopista, Fundamental Characteristics of Nickel-Titanium Shape Memory Alloy,
http://herkules.oulu.fi/isbn9514252217/html/x317.html, (March 20, 2002)
4) Magnetostrictive Materials, Principles of Operation,
http://www.energeninc.com/white.htm#Magnetostrictive_Materials, (March 20, 2002)
5) Selvarajan, A, Fiber Optic Sensors and Their Applications,
http://www.ntu.edu.sg/mpe/research/programmes/sensors/sensors/fos/fosselva.html, (March 20, 2002)

6

6) Controllable Fluids, http://www.glue.umd.edu/~gmkamath/er.html, (April 20, 2001)
7) Mechanism of ER Effect, http://www.shokubai.co.jp/english/main/kaihatsu/tx_er/txer2.htm, (March 20,
2002)
8) Stalmans, R., Van Humbeeck, J., Shape Memory Alloys: Functional and Smart,
http://www.kuleuven.ac.be/Research/ADAPT/publicat/ShapeMemory/smatext.htm, (April 20, 2002)

7

