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Some Definitions
Smart Structure:
A structure capable of sensing and/or adapting to changes in its environment
Smart Material:
A material which can sense a change in its environment, produce a change in response to an
external stimulus or both, i.e. it can sense and actuate
Smart System:
A system comprising a smart material, a smart structure and intelligent processing

Integrated Sensor-actuator systems with controllers are analogous to biological systems

Smart Structures Technology Evolutionary Process
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INTRODUCTION TO SMART MATERIALS
“Smart” materials are a class of materials that respond dynamically to electrical, thermal,
chemical, magnetic, or other stimuli from the environment. These materials are incorporated in a
growing range of products, enabling these products to alter their characteristics or otherwise
respond to external stimuli.
 In a 'nutshell' smart materials can change their state, and therefore their properties, in response
to an external stimulus.

Smart materials have a wide range of applications, most of which fall into four broad categories:
1. Actuators and Motors,
2. Sensors,
3. Transducers, and
4. Structural materials.
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SMART MATERIAL TYPES












Piezo-electric
Piezo-resistive
Piezo-restrictive
Magneto-strictive
Magneto-resistive
Shape Memory Alloys
Magnetically Activated Shape Memory Alloys
Active Fiber Composites
Electro and Magneto-Rheological Fluids
Smart Gels and Shape Memory Polymers

The main advantages of smart or active materials are:
1.
2.
3.
4.

High energy density (compared to pneumatic and hydraulic actuators)
Excellent bandwidth
Simplified packaging
Novel functions such as the huge volume change as a function of temperature exhibited
by smart gels.
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P&O Devices- How Smart?
The question is how active an orthotic/ prosthetic device could and should be. The possibilities
can be divided into three categories:
1. A completely passive device, such as those currently available, that could contain devices like
springs that can store and release energy.
2. A quasi-passive device that would contain elements that have actively controlled passive
properties (e.g., controllable variable stiffness and damping).
3. A fully active system in which an actuator, such as a motor or engine, would generate force to
augment or modify the patient’s musculoskeletal movement. In the extreme case the system
could control all of the movement and the patient would be carried along. The energy in this
category comes from external storage, such as batteries or fuel. An exoskeleton would fall into
this category.
A practical system may consist of a combination of the three categories

The needs in active systems is defined as follows:
1. Control—we need a better understanding of how to take the right inputs and create the right
outputs for a particular person with a disability.
2. Actuators—these must be smaller, lighter, faster, and stronger.
3. Power systems—better energy efficiency and management.
4. Sensors—better sensors of human activity would improve communication between the device
and its wearer.
5. Materials—stronger and lighter substances that perhaps even contain functional features like
actuators and sensors.
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THE CONCEPT OF A SMART FLUID
The term smart fluid is broadly defined as a fluid that acts Newtonian until a specific stimulus is
applied. When a stimulus of the proper type and sufficient strength is applied, micrometer-sized
particles suspended in a dielectric carrier fluid will align such that the resistance to flow of the
smart fluid, the viscosity, significantly increases and thus the fluid becomes quasi solid. The
properties of smart fluids may make them ideal candidates for integration into prosthetics,
orthotic devices, and sports equipment.
The two predominant types of smart fluids are electro-rheological (ER) and magnetorheological(MR) fluids
MAGNETO-RHEOLOGICAL FLUIDS
Materials whose rheological properties can be varied by application of magnetic yields belong to
a specific class of so-called smart materials because they can respond, via solid-state electronics
and modern control algorithms, to changes in their environment. These materials respond to
applied magnetic yields and are thus referred to as magnetorheological (MR) materials. Such
materials can be utilized in devices or can be incorporated in traditional composites to form
advanced intelligent composite structures, whose continuum magneto-rheological response can
be actively controlled in real-time.
Conventional MR fluids consist of a base fluid, immersed with ferromagnetic micron-sized
particles. With the application of a magnetic field, the iron particles are drawn together in
electromagnetic chains. Hence, the stronger the magnetic flux in the fluid, the stronger the
particle chains. MR fluids have many industrial applications. They are, for example, increasingly
being considered in a variety of devices, such as, dampers, valves, brakes and clutches.
An example of an MR orthotic device is a variable stiffness brace (Zite et al., 2006).
MR fluids have three common modes of usage, that is, flow mode, squeeze mode and shear
mode. Flow mode and squeeze mode are used, for example, in dampers and shock absorbers.
The shear mode is used in the field of brakes and clutches which this project is concerned with.
In shear mode, the fluid is contained between two plates that move relative to one another.

Schematic of the formation of chain-like formation of magnetic particles in MR
fluids in the direction of an applied magnetic field
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When considering the use of a MR fluid in a particular application, there are three main concerns
associated with the fluids: namely, the strength of the fluid (i.e., the achievable yield stress), the
stability of the fluid, and the durability of the fluid (Carlson, 2002). All three areas, mentioned
above, are important in the design of prosthetic devices.
MR dampers: These dampers are infinitely variable and can change from liquid to solid phase in
a few milliseconds. MR dampers are semi-active devices that are considered fail-safe and are
useful for energy absorption in mechanical systems
MR break: An MR brake operates via direct shear. The MR fluid is placed between two surfaces,
each moving with respect to the other. The break allows for the continuous control of torque by
varying the applied magnetic field
The field-induced braking torque of a prosthetic knee is affected directly by the shear-yield stress
of the MR fluid and the stability of the knee is affected by the sedimentation stability of the MR
fluid. In addition to the three common concerns mentioned above, a very important factor in the
design of prosthetic and orthotic devices, is the zero-field or off-state viscosity of the fluid. The
off-state viscosity controls the ability of the device to move freely in the absence of magnetic
field. This is of utmost importance for the user of a prosthetic knee cause it results in a more
natural and effortless motion
MR fluids have been successfully integrated into advanced prosthetic devices for real-time gait
control. Prosthetics provide an ideal opportunity for application as the fit of the prosthetic is
dynamic during wear. The interface pressures in a prosthetic socket have been shown to range
from 0-342 kPa and the shear stresses have been shown to range from 0-57 kPa. Thus, a smart
fluid could provide a dynamic fit that varies according to the current socket fit conditions and
thus reduce the load that is transferred to the residual limb, thus increasing comfort and
extending potential wear time.
Examples of MR prosthetic devices are a variable stiffness knee joint (Herr et al., 2003) and a
variable stiffness, below knee, leg (Carlson et al., 2001; Biedermann, 2002).

ELECTRO-RHEOLOGICAL FLUIDS
Electro-rheological fluids (ERFs) are fluids that experience dramatic changes in rheological
properties, such as viscosity, in the presence of an electric field. Willis M. Winslow first
explained the effect in the 1940s using oil dispersions of fine powders. The fluids are made from
suspensions of an insulating base fluid and particles on the order of one tenth to one hundred
microns in size. The electro-rheological effect, sometimes called the Winslow effect, is thought
to arise from the difference in the dielectric constants of the fluid and particles. In the presence of
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an electric field, the particles, due to an induced dipole moment, will form chains along the field
lines (Figure). This induced structure changes the ERF’s viscosity, yield stress, and other
properties, allowing the ERF to change consistency from that of a liquid to something that is
viscoelastic, such as a gel, with response times to changes in electric fields on the order of
milliseconds.

Electro-Rheological Fluid at Reference (left) and Activated States (right)
Control over a fluid’s rheological properties offers the promise of many possibilities in
engineering for actuation and control of mechanical motion. Devices that rely on hydraulics can
benefit from ERF’s quick response times and reduction in device complexity. Their solid-like
properties in the presence of a field can be used to transmit forces over a large range and have
found a large number of applications. Devices designed to utilize ERFs include shock absorbers,
active dampers, clutches, adaptive gripping devices, and variable flow pumps. An engineering
application of ERFs is as active dampers for vibration suppression
Rehabilitative Knee Orthosis are being designed by Electro-Rheological Fluid Based Actuators.
Ankle-foot orthotic (AFO) devices have mainly focused on preventing the toe-drop phenomenon,
by regulating joint stiffness and system damping
There exist several classes of intrinsically adaptive materials other than ER and MR fluids. These
include:
1) Shape Memory Polymers/Alloys: These materials undergo microscopic structural molecular
changes in response to external stimuli (mainly heat)
2) Piezoelectric Ceramics (PZT): The stiffness of PZTs can be modulated via electromechanical
coupling .
3) Fluidic Flexible Matrix Composite (F2MC): This material consists of high performance fibers
containing a high bulk modulus fluid. Opening or closing the inlet valves can modulate the
stiffness of an F2MC tube.
4) Shear Thickening Fluids (ST): These materials approximate the response of MR fluids,but
require only a shear stress stimulus and thus require no power to actuate.
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Fluidic flexible matrix composite variable impedance materials for prosthetic and orthotic
devices
The F2MC material is an innovative combination of high performance composite tubes
containing high bulk modulus fluids. The new material system can potentially achieve a change
in stiffness of several orders of magnitude through valve control. The F2MC material system is
investigated for active impedance control for load transfer reduction in transtibial prosthetic
sockets and impedance joint control for ankle–foot orthoses (AFO). Preliminary analysis results
indicate that the variable modulus system can reduce the load transfer between the limb and
transtibial socket and can provide impedance tailoring for improving foot-slap in an AFO.
APPLICATIONS
1. Active Knee Rehabilitation Device

Active knee rehabilitation device with ER break
2. Footwear : The following biomechanical requirements of a running shoe can be
addressed by use of smart fluids
1) Attenuation of repetitive GRFs
2) Maintenance of rear-foot control for stability – this includes subtalar joint stabilization
to avoid excessive pronation of supination
3) Allowance for difference foot-strike styles and pressure distributions
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3. Prosthetics and Exoskeletons

Exoskeleton overview with MR knee break

MR prosthetic knee schematic
4. Programmable Joint Braces
Joint braces are commonly used in sports, yet often times do not directly protect the joint from
the malignant ranges of motion, but rather constrict joint motion in general, which may hinder
sports performance while not effectively protecting the joint. If smart fluids could be integrated
into the material of the brace and activated such that the brace was only stiff in the malignant
range of motion, but fully fluid and thus flexible in all other ranges of motion, the function of the
joint brace would be much more efficient.
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SHAPE MEMORY ALLOYS
Shape memory alloys (SMA) constitute a group of metallic materials with the ability to recover a
previously defined length or a shape when subjected to an appropriate thermomechanical load .
When there is a limitation of shape recovery, these alloys promote high restitution forces. The
actual mechanism of the shape memory effect can be described simply as a reversible,
thermoelastic, phase transformation between a parent austenitic phase and a martensitic phase
The shape memory effect is caused by a temperature dependent crystal structure. When an SMA
is below its phase transformation temperature, it possesses a low yield strength crystallography
referred to as Martensite (see Stress-Strain figure). While in this state, the material can be
deformed into other shapes with relatively little force. The new shape is retained provided the
material is kept below its transformation temperature. When heated above this temperature, the
material reverts to its parent structure known as Austenite causing it to return to its original shape
(see Phase Transformation figure). This phenomenon can be harnessed to provide a unique and
powerful actuator.

The most widely used shape memory material is an alloy of Nickel and Titanium called Nitinol.
This particular alloy has excellent electrical and mechanical properties, long fatigue life, and
high corrosion resistance. As an actuator, it is capable of up to 5% strain and 50,000 psi recovery
stress, resulting in ~1 Joule/gm of work output. Nitinol is readily available in the form of wire,
rod, and bar stock with transformation temperature in the range of -100º to +100º Celsius.
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Austenite (a) Cooled to Form Twinned Martensite (b) without a Shape Change, then Deformed
by Moving Twin Boundaries (c). Heating State (b) or (c) will Return the Original Austenitic
Structure and Shape.
Applications of shape memory alloys
Orthopedic treatment also exploits the properties of SMA in the physiotherapy of semi-standstill
muscles. Figure shows gloves that are composed of shape memory wires on regions of the
fingers . These wires reproduce the activity of hand muscles, promoting the original hand
motion. The two-way shape memory effect is exploited in this situation. When the glove is
heated, the length of the wires is shortened. On the other hand, when the glove is cooled, the
wires return to their former shape, opening the hand. As a result, semi-standstill muscles are
exercised.

Shape memory alloy glove. A, Low temperature position. B, High temperature
position. (http://www.amtbe.com).
Shape Memory Alloy Wire are used for
1. an Active, Soft Orthotic
2. tendon-driven actuation system for biomimetic artificial fingers

Differential spring-biased SMA joint actuation mechanism. The insets show the actual
SMA actuator and spring-slack element implemented
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ACTUATORS
An actuator is a system that establishes a flow of energy between an input port and an output
port. Generally, input port is electrical and the output port is mechanical, transducing some sort
of input power into mechanical power (Pons, 2005).
Actuators are essentially of electrical, electromechanical, electromagnetic, pneumatic, or
hydraulic type. Normally, these are used with a power supply and a coupling mechanism
Actuators normally transfer energy from one domain (input domain) to another domain (output
domain). In the case of mechanical actuators used in human motor control the output domain is
the mechanical domain. Actuators with several input domains have been designed for human
motor control support (Hannaford et al. 1990), (Seth et al. 1990):

A typical actuating unit (Bishop, 2008).
mechanical springs and dampers (mechanical input domain). The use of mechanical springs
and dampers are most straight-forward. In most cases it concerns mechanical components with
fixed characteristics.
Electrical motors. Electrical motors are in principle controlled effort sources. The principle of
operation is the generation of Lorentz forces by electromagnetic induction acting on a coil with
an electrical current positioned in a magnetic field. An electrical DC motor can be transferred
into a position actuator by applying a feedback control system, feeding back position and
velocity (servo controller). Efforts have been made to design electrical DC motors which behave
like a spring with varying offset lengths (stiffness control) (Fasse 1995).
hydraulic actuators. Hydraulic actuators are in principle controlled flow sources because of the
high incompressibility of the fluid in these systems. Force and impedance control require
additional control systems around the actuator. Hydraulic controllable dampers are being used in
the knee joint of controlled above knee prostheses (e.g. endolite). Figure gives an example of a
hydraulic actuator used in a leg prosthesis design, coupling knee and ankle.
Conventional O&P Actuators : Hydraulic and pneumatic actuators
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Pneumatic actuators with muscle like properties (McKibben
type). These actuators consist of a bladder in which air can be flown, surrounded by a mesh of
stiff material (e.g. nylon) (Hannaford et al. 1990). Inflating the actuator increases the stiffness
and the zero-force length of the actuator.

The human motor system can be conceived as a dynamic system, consisting of mechanics,
actuation, sensing and control. In the case of motor impairments this system can be supported by
an assistive system, which interacts with the human motor system mechanically and by
exchanging information.
Actuators used in artificial human motor control should be designed to interact in an optimal
manner with the human motor control system. Especially the dynamic characteristics and the
power exchange with the human body are important

Schematic block diagram of an assistive system that supports the impaired neuromuscular
system. Artificial actuation
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MESOFLUIDICS
Mesofluidic actuators are fluid based actuators that range from a few millimeters to centimeters
in size and use pressurized fluid for the motive force .Mesofluidics can provide high force
density (>1000 psi), low friction, direct drive, high mechanical bandwidth and use a variety of
working fluids ranging from oil to water.
In fluid-powered systems, pressure controls force while flow rate controls speed. Clearly, the
flow control element is the single most important device in fluidics.
The enabling technology for mesofluidics is the development of high pressure/low flow valves
(see Fig. 6). In terms of prosthetic fingers and thumbs, mesofluidic actuation is one of the most
promising new enabling technologies in terms of providing high performance actuation within
the volumetric constraints of the human fingers and hand. Furthermore, technologies developed
for fingers and hands have the potential to be scaled up to impact larger joints such as ankles,
wrists, elbows, shoulders and knees

ORNL mesofluidic valve
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TRANSDUCERS
A transducer is a device that converts (transduces) information from one form to another. As an
example goniometer and embedded control system are transducers that are used to measure an
event.
Transducer Applications for Orthoses and Prostheses
A strain gage can be used to measure torque or load on a transtibial pylon and strain in a custommolded socket.
Force transducers can be used to measure force exerted by a pad on the patient; ground reaction
force in a lower limb prosthesis; grip force in a hand prosthesis; seat forces; load bearing in a
prosthesis; and wearing compliance.
Pressure transducers can be used to measure pad pressure on a patient, seat pressures and socket
pressures.
Temperature transducers can be used to measure extreme environmental temperature conditions.
Humidity transducers can be used to measure extreme humidity conditions.
Angle/level transducers can be used to measure absolute angle for posture/inclination, joint angle
and range of motion (flexion, extension, pronation, supination, abduction, adduction).
Displacement transducers can be used to measure deformation or deflection of a component as
well as creep, expansion or contraction of a component exposed to extreme temperatures.
Acceleration transducers can be used to measure acceleration of prosthetic limbs to design
components with the desired acceleration and damping (e.g., shock absorption, dissipation in
prosthetic foot).
BIOMIMETIC ACTUATION
Series Elastic Actuator (SEA)
Used to power polypropylene ankle-foot orthosis to make the device active.The main advantage
is that the SEA exhibits stable behavior while in contact with all environments, including in
parallel with a human.
A linear series elastic actuator (SEA) is an actuator that has an elastic element in series with the
motor and the ball screw. A sensor measures the displacement of the elastic element and force is
generated by Hooke’s law. By placing a spring in series with the output of an electric motor, the
force control performance is improved. The motor is isolated from shock loads, and the effects of
torque ripple, friction, and backlash are filtered by the elastic element (Williamson, 1995 ).
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Series Elastic Actuator configuration
Active Ankle-Foot Orthosis (AAFO)
An Active ankle-foot orthosis (AAFO) consists on a generic AFO (passive system) endowed of
an electromechanical device (active system) with the aim of controlling the ankle movements.
Many of these systems are still in development, emerging more and more prototypes. Unlike
passive orthoses, active orthoses have the potential of controlling the ankle joint, providing the
necessary torque during the gait cycle. These systems assist patients to walk, allowing them to
walk more naturally or enabling walking in patients who could not with passive orthoses.

Diagram of a simplified control scheme for controlling the ankle movement with the
AAFO. The control action of the AAFO is executed by an actuator (series elastic actuator),
which causes a torque about the ankle joint with the goal of assisting the ankle movement
during gait.
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Developments utilizing EAP (Electroactive Polymers), i.e. materials that can directly transduce
electrical energy to mechanical work, may be appropriate for a future generation of O&P devices
(Baughman 1996, DeRossi et al. 1992, Lawrence et al. 1993).

ELECTROACTIVE POLYMERS
The main attractive characteristic of EAP is their operational similarity to biological muscles,
particularly their resilience and ability to induce large actuation strains. Unique robotic
components and miniature devices are currently being explored, where EAP serve as actuators to
enable new capabilities.
Generally, the low density and the relative ease of shaping them make polymers highly
attractive materials
Conducting polymers appear particularly appropriate to O&P systems as their action is silent,
and once in the given position no further energy is needed to maintain position (Kaneto &
MacDiarmid 1995).

DIELECTRIC ELASTOMERS IN PROSTHETICS
DEs are used as electromechanical transducers and are often suggested for
p r o s t h e t i c a p p l i c a t i o n s , yet the question remains as to their practical viability.
potential challenges to be overcome are
( 1 ) d u r a - bility (i.e. susceptibility to failure, expected frequency of repairs, resistance
to contaminants),
(2) control (i.e. precisemovement/dexterity),
(3) energy consumption (i.e. batteryrequirements), and
(4) anthropomorphic performance (i.e.weight, noise, size, shape and bulk, range of
motion, gripstrength).
Early applications
(a) McKibben muscle actuators [Schulte, 1961 - The McKibben actuator is a device that converts
fluid pressure to force; it consists of an internal rubber tube inside a braided mesh shell. When the
inner tube is inflated, the internal volume of the actuator will increase causing the actuator to expand
axially. The McKibben actuator is usually used to mimic the behaviour of skeletal muscle
.
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(b) Shape memory polymers - These materials sustain a volume change of over 40 times when
subjected to pressure and heat, and a temperature rise causes the recovery of the pre-pressed
shape [Sokolowski, et al, 1999;
(c) Electrorhological fluids - These are electroactive polymer liquids that that experience
dramatic changes in rheological properties in the presence of an electric field.

MUSCLE-LIKE ACTUATION
The actuator and transmission play a dominant role in determining the dynamic performance of
O&P devices.
In particular, natural muscle is more than just a motor (force and motion producer). Muscle is
also an energy storage device (spring) and an energy absorber (damper). In addition to
optimizing the metabolic economy of walking, the energy storage and absorption characteristics
(and the ability to modulate those parameters) help a person respond to unknown disturbances,
much like the suspension system of an automobile. All these functions are integrated to produce
the desirable characteristics of natural walking or other gaits. Strictly speaking, some of the
elasticity and damping of natural muscle is borne by the tendons that attach the muscles to the
skeleton.
In theory a suitably fast and powerful actuator acting through a mechanical transmission could
use closed-loop feedback control to imitate the performance of natural muscle, such as the series
elastic actuator described, actuators that share the inherent properties of muscle can be lighter,
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simpler and offer a more natural look and feel. The requirement for a “natural” look and feel is
important to the goal of making the artificial or assisted limb feel integrated with the body. Such
actuator requirements are not typically considered in robotic or dynamic machinery applications
when actuators are selected. These requirements include completely quiet operation, soft feel,
and an external envelope (size and shape) approximating that of a natural limb.
Many actuator materials and devices have been put forth as “artificial muscles.” Pneumatics and
hydraulics (including soft-bodied actuators such as the “McKibben Muscle” can imitate much of
the performance of natural muscle and have a shape and feel similar to natural muscle, but they
are noisy, difficult to control, and require a separate pump to provide the fluid energy. Most
typically it is desired to use actuators that can be powered and controlled directly by electricity.
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