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Abstract

This work addresses the potential of Shape Memory Alloy (SMA) actuators as locomotor muscles in
aquatic and avian biomimetic applications. Critical issues, such as actuator fatigue life, actuation bandwidth and
energetics, are addressed. It is shown that the fatigue life of an actuator largely depends on the applied load and on
the extent of the phase transformation. Our data indicates that, for partial thermally induced phase transformation,
the fatigue life can be drastically increased with respect to full transformation cycles.

We counter the misconception that SMAs are not capable of high actuation bandwidths. It is shown that,
actuation bandwidths of 20 Hz have been achieved for SMA wire actuation. Novel adaptive feedback controllers are
also presented that can achieve excellent tracking at these actuation bandwidths. In order to achieve high SMA
actuation frequencies, fast SMA cooling is required. An energetically efficient, active approach is to embed the
SMAs inside closed-system channels, containing a temperature-controlled, circulating, cooling medium. This
approach has several advantages. A cooling medium can be selected that has both low electrical conductivity and
high thermal conductivity properties. The channels that embed the SMAs can be made out of a material, such as
silicon rubber, that thermally and electrically insulates the cooling medium from the ambient environment, while its
elastic properties can accommodate the SMA actuation displacements. An energetically important aspect of this
approach is that only small, channel internal diameters are necessary to achieve large cooling rates. The SMA is
surrounded by a small amount of coolant, therefore during SMA heating only small amounts of energy escapes to

the coolant, especially if its circulation is temporarily halted.
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Finally, results of on going research on an SMA actuated biomimetic autonomous underwater vehicle

(AUV) are briefly presented.

Nomenclature

A Austenite

Ar  Austenite finish temperature

As Austenite start temperature

Aor  Austenite finish temperature at zero stress
Aos  Austenite finish temperature at zero stress

H Hysteresis model

HT  Maximum transformation strain

H™'  Hysteresis model inverse

M Martensite

Mg  Martensite finish temperature

Ms  Martensite start temperature

Mo Martensite finish temperature at zero stress

Mys Martensite finish temperature at zero stress

T, Annealing temperature

T Reference temperature

~|

Estimated temperature
am Gain to determine how fast T approaches T,
bm Gain to determine how fast T approaches T

eH Error



i Current signal
Pre-defined safety limit on current

lmax

r(t)  Reference displacement signal

u Required heating

y Actual displacement

;1 Estimate of the displacement output

o Physical parameter based on heat convection from the sma wire
B Physical parameter based on resistance of the sma wire

el Maximum transformation strain

€’ Minimum transformation strain

A Mean percentage of transformation strain

A Amplitude of transformation strain percentage
6, Hysteresis model parameters

Introduction

Bird flight has inspired and guided the design and development of aircraft since its
inception. However, it is striking how primitive these man-made machines are compared to their
natural counterparts in terms of efficiency, agility, coordination, autonomy and adaptability. In
birds and insects, nature has evolved into a great synergy between muscies (actuators), wings
(structure) and brain (control) that has not been approached in the most advanced aircraft and
rotorcraft. In nature, every living organism that can generate lift does so through the flapping of
wings. A significant advantage of flapping wing propulsion is that lift can be generated with little

or no forward velocity and with small wing size.



In the area of underwater vehicle design, the development of small highly maneuverable
vehicles is also presently of interest. Their design is based on the undulatory body motion,
swimming techniques and anatomic structure of fish, primarily the highly controllable fins and
the large aspect ratio lunate tail'. These pursuits in air and underwater vehicles triggered the
emergence of the science of biomimetics, which is the study of natural systems in order to
improve the design and functionality of synthetic systems®. The tailoring and implementation of
the accumulated knowledge into biomimetic vehicles is obviously a task of multidisciplinary
nature.

In biomimetics, the use of conventional systems of gears and servomotors to provide the
actuation power leaves little interior room in the device for control systems and payload ',
Especially in micro air vehicles, power density of the actuation system is a crucial design
parameter. In actuator technology, active or “smart” materials have opened new horizons in
terms of actuation simplicity, compactness, and miniaturization potential. With the current
advances in Shape Memory Alloy (SMA) actuation technology, SMAs are probably the most
suited actuators to a range of biomimetic applications'.

As an illustration of the benefits of SMA actuation over other active materials such as
piezoceramics and magnetostrictives, let us consider two biomimetic examples: first a flapping-
wing micro air vehicle (FWpAV), with a wingspan of 6in to 12in with large wing-tip excursions.

This means that during flapping, actuators with large actuation stroke/strain are preferable. Also,

the small available on-board space dictates the use of high energy-density actuation systems.
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Piezoceramic and magnetostrictive materials have relatively low energy densities and high
actuation frequencies, which are not required in this application. SMAs have energy densities
much higher than piezoceramic materials. Furthermore, piezoceramic and magnetostrictive
materials are only capable of producing small strains and displacements (small fractions of 1%)
compared to those attained by SMA materials (as high as 8% for one-way trained and 4% for
two-way trained SMAs)Z. At first glance, the frequencies (on the order of 10 Hz) may seerﬁ too
high for SMA actuation. As we will show later, this is a misconception. We will demonstrate that
SMA actuation frequencies even higher than 10 Hz are possible and accurately controllable. Our
previous work also indicates that thin SMA layers (~6p thick) under partial transformation are
capable of delivering frequencies of about 30 Hz at peak stress of 145 MPa’. Energy
considerations for such an application are covered in a later section.

Consider a second example: a fish-like autonomous underwater vehicle (AUV) on the
order of 1 m long. The vehicle is to be propelled by a caudal-fin equivalent system, with the ratio
(caudal-fin trailing-edge excursion)/(vehicle length) maintained equal to an average value
observed in the propulsion of its aquatic counterparts"'5 (around 0.22). For the above data and
for underwater vehicle speeds between 3 and 7 knots (1.5 m/sec to 3.5 m/sec), caudal-fin
oscillation frequencies will range from 1.5 Hz to 5 Hz. The frequency bandwidth, combined with
double-amplitude trailing-edge excursions on the order of 0.25 m, makes SMA-based actuation
ideal for the particular application. A six-segment biomimetic hydrofoil' has been developed and
is currently under testing and modifications to evaluate the use of SMAs to power such an AUV.
Results are discussed in a later section.

The small sizes and high force densities of SMAs (compared to conventional actuators)

result in availability of much larger percentage of vehicle internal volume. This greater internal



volume allows for a larger payload for comparably sized vehicles. Additional SMA advantages
include: (a) Simplicity of actuation mechanism. SMAs can be all-electric devices and can be
used as "Direct Drive Linear Actuators” requiring little or no additional gear reduction or motion
amplification hardware. These merits permit the realization of small or even miniature actuation
systems in order to overcome space limitations. (b) Silent actuation. Since no acoustic signature
is associated with such a propulsion system, acoustic detectability will be reduced. (¢) Low
driving voltages, when powered electrically. Nitinol (NiTi) SMAs can be actuated with very low
voltages (10 to 20 V), thus requiring very simple power supply hardware. In contrast,
piezoceramic materials typically require voltages on the order of 100 V for their actuation.
However, for SMAs large currents may be required for resistive heating, depending on SMA
actuator dimensions, leading to heavy power supply hardware. (d) SMAs are heat engines, which
means that they do not necessarily need to be powered electrically. The electrical power required
to actuate SMAs with loads, frequencies and fatigue life, practical for dynamic applications,
demand the use of relatively heavy power supplies/batteries, which in turn results in high system
weights and poor energy densities. But as heat engines, they can utilize on-board parasitic heat, if
available, to produce useful mechanical work. If parasitic heat is not available, they can readily
use the chemical energy of fuels, which have outstanding energy densities (order of 13,000
Wh/Kg or 46,800 KJ/Kg) compared to compact batteries (125 — 300)Wh/kg or (450-1080)
KJ/Kg. As an example, schematics with heating and cooling cycles for such a configuration are
shown in figure 13 and presented in a later section.

SMA actuation is not free of drawbacks, however. Some of them, such as actuation loss
and fatigue over repetitive cyclic loading, are in the frontier of SMA research. Many researchers

have investigated the effect of both mechanical and thermal cyclic loading on the



thermomechanical response of NiTi &1 However, these tests were primarily concerned with the
development and stability of two-way strain, the evolution of plastic strain, or hardening in the
stress-strain response.

Extension of the cyclic loading path until specimen failure occufs has been studied by a
limited number of researchers, with the primary emphasis on mechanical transformation fatigue
(i.e., a stress-induced phase transformation). Melton and Mercier'? gave the earliest detailed
report on fatigue properties for NiTi specimens. Constant stress amplitude fatigue results (S-N
curves) showed that fatigue limits reached 107 cycles for stress levels which did not induce a
phase transformation. The fatigue life for stress amplitudes that induced phase transformations
(i.e., mechanical transformation fatigue) was reduced to approximately 10° to 10° cycles.
Constant strain amplitude fatigue results that included a phase transformation showed that low
cycle fatigue obeyed the Coffin-Manson law relating plastic strain and cycles to failure'>.

Miyazaki'*"® and Tobushi et al.'*'7 have performed some of the most recent work on
stress-induced transformation fatigue. Miyazaki performed an isothermal cyclic tensile loading at
constant stress amplitude, similar to Melton and Mercierlz, for different test temperatures. Due to
the lower percentage of martensitic transformation associated with elevated test temperatures, a
higher fatigue life was identified, approaching 10° cycles. Study of the thermal transformation
fatigue of NiTi SMA was performed by McNichols et al'®. Results from this study showed a
thermal transformation fatigue life between 10* and 10° cycles for constant strain amplitude
levels between 4.4% and 8.3%. It appears that the thermally induced phase transformation
fatigue of SMAs has not been studied systematically and the effect of the magnitude of

transformation strain on the fatigue life of SMAs needs to be explicitly examined.



The remaining sections of this paper start with an overview of SMA actuators, followed
by sections on thermomechanical transformation fatigue, adaptive control and energy
considerations for SMA actuators. In the end, actual implementation of SMA actuators for an

AUV are briefly reviewed and are followed by conclusions and acknowledgements.

Brief Overview of SMA Actuators

Our research has focused on Nitinol, which is a nickel-titanium based SMA alloy. In fact,
Nitinol was the first shape memory alloy to be discovered. The name comes from the two
element symbols, Ni and Ti, and the abbreviation of the lab where the alloy was discovered, the
Naval Ordinance Laboratories (NOL)19 . Shape memory properties of nitinol become evident
once a specimen has been properly annealed.

The shape memory effect comes from the differences in the crystalline structure between
the martensitic and austenitic states. Figure 1 shows the difference between the two crystal
structures. Properties of the SMA vary depending on the amount of martensite/austenite present.
The percentages of each state depend on the stress and temperature of the specimenii Figure 2
shows a qualitative plot of the stress-temperature combinations at which each state exists. To the
left of martensite finish Mg, only martensite is present. To the right of austenite finish Ar, only
austenite is present. In between Mr and Ag, there is a combination of martensite and austenite.
When the wire is deformed in the martensitic state and the temperature is raised above austenite
start As, the wire will begin to return to its original shape and will be at the original shape when
the temperature is above Agr. The above process is called one-way training®. If this process is

repeated (that is, if a specimen is deformed in martensite, heated to austenite, and cooled to

11 “An Introduction to Shape Memory Alloys,” SMART-Homepage, http://smart.tamu. edu/pageIntro.htm



martensite), the wire will develop what is called two-way training®. It will expand by the trained
amount when the temperature drops below Mr without a load on the wire.

A qualitative schematic of the SMA phase transformation diagram is shown in Figure 3
to clarify the actuator functions. The phase change in Nitinol is accompanied by a significant
exchange of heat with the surroundings. The time rate of the transformation is controlled solely
by the time rate of the heat transfer. Typically, SMA heating, which triggers the martensite-to-
austenite (M-to-A) phase change, is achieved electrically (by resistive heating). The heating rate,
and thus the transformation rate, can be controlled by regulating the applied voltage and thus the
electrical current. To trigger the reverse transformation (A to M), heat removal from the SMA is
necessary. Conventional heat-removal mechanisms are inherently slower than electrical heat-
addition and usually rely on forced convection. Therefore, in a complete heating-cooling cycle
(transformation/actuation, M to A and then A to M), the cooling process usually limits the speed
of the cycle (i.e., the maximum attainable frequency response). An effoﬁ has been made to
address this problem in a later section.

Another important consideration is that unless SMA actuators are properly employed,
plastic strains may develop and the required force or displacement may not be attained on
actuation. This variation in thermomechanical response requires further understanding of its
influence for successful implementation of SMA actuators. To develop a better understanding of
the thermomechanical response a discussion on the thefmomechanical fatigue of the NiTi SMA

actuator is provided in the following section.



Thermomechanical Transformation Fatigue of SMA Actuators

In many applications of SMA actuators, the Shape Memory Effect (SME) is used many
times by heating and cooling and/or loading and unloading. A test frame and experimental setup
developed in earlier work?! was used to determine the thermal transformation fatigue life of
SMA wires. The loading paths shown in Figure 4 represent the various ways in which SMAs
were loaded. Loading Paths 1 and 3 do not contain a phase transformation of any kind.
Therefore, in terms of transformation fatigue characterization, it is assumed that these tests
would result in a response typical of mechanical fatigue seen in common engineering materials.
Loading Path 2 shows a stress-induced martensitic phase transformation and represents the
mechanical transformation fatigue loading path studied by previous researchers'>!*. Loading
Paths 4 and 5 show a thermally induced phase transformation and best describe the conditions
seen by SMA actuators.

Two important experimental findings have been revealed that are related to the fatigue
response of SMA wire actuators. The first finding relates the transformation fatigue life of
NiTiCu to the heat treatment temperature, which was studied by Miller and Lagoudas22 and
Lagoudas et al? 1t is found that Mg and As temperatures increase slightly as annealing
temperature (7,) increases when the wire is annealed below 400°C, while a drastic increase is
found in the interval of 450°C-550°C. Figure 5 shows a typical curve of different strains
developed in the cycling process. A common feature in all éamples is the large plastic strain
developed during the first 300-500 cycles, which saturated to a nearly constant value during
higher cycles.

The second experimental finding is the effect of stress level on the fatigue life of SMA

wires. Cyclic thermal transformations were performed on NiTiCu wires that had a nominal
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diameter of 0.6 mm and an initial cold work of 30%. Prior to testing, the wires were heat-treated
at 600°C for 30 minutes and at 550°C for 15 minutes. Results for thermal transformation fatigue
tests under a complete phase transformation and varying levels of constant applied stress are
shown in Figure 6. The results show that, for higher stress levels, fewer cycles were needed to
cause the specimen to fail and subsequently as the stress level decreases, the number of cycles to
failure increases substantially.

Besides these fully transformed (major loop) fatigue tests, partially transformed (minor
loop) fatigue tests were performed by Lagoudas et al.”’. Partial transformation cycles were
created by an incomplete martensitic transformation. The percentage of the transformation was
controlled by choosing different levels of the mean percentage of transformation strain A% and the
amplitude of transformation strain percentage A° (shown in Figure 7), which were percentages of
the complete transformation. Tests were performed for partial thermal transformation fatigue
under a constant applied stress of 78.8 MPa. Prior to testing, the wires were annealed at 600°C
for 30 minutes. A summary of the results is shown in Figure 8. Error estimates for strain values
for both Figures 5 and 8 is in the order of £0.075%.

Results so far indicate that, for partial thermally induced phase transformation, the fatigue
life can be drastically increased with respect to full transformation cycles. Hence the idea of
using multiple actuators with partial transformations may provide better actuation response. The
following. section discusses the developed control scheme for SMA actuators along with a

method of achieving higher cooling rates.
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Adaptive Control of SMA Actuator Wires

Exposure of the SMA actuators to the ambient medium has adverse effects the SMA
control. In warm environments, the SMA cooling rate may not be sufficient, and in cold
environments, the energy expended to heat up the SMAs to austenite may be too large depending
on actuator applications. In order to achieve SMA actuation frequencies high enough to generate
propulsive and maneuvering forces for FWuAVs and AUVs, forced convection cooling of the
SMAs must be used. It was therefore decided to thermally insulate the SMA actuators from the
ambient environment and embed them inside closed-system channels containing a temperature-
controlled cooling medium.

In situations where electrical heating for M to A transformation and forced cooling for A
to M transformation is utilized for actuation, one difficulty imposed by forced convection is that
temperature measurements of the SMA cannot be achieved via thermocouples. A thermocouple
is usually attached to the SMA wire/strip with a small “ball” of thermal paste, that is thermally,
but not electrically, conductive. However, due to the strong heat transfer caused by active
convection of the cooling medium, the thermal paste dissipates the heat, from the wire to the
ambient medium, much faster compared to a pure conduction environment. This causes the
resulting temperature measurement to not be an exact representation of the SMA temperature.

We have pursued actuation control schemes that rely only on actuator displacement
feedback and do not require temperature feedback. The control approach in this work
implements an adaptive hysteresis model for feedback compensation for control of SMA wire
actuators?*? . In feedback compensation, the tracking error was not directly used in the control
law. Rather, it was used to update (identify on-line) the hysteresis model (H) to account for

discrepancies between the model and the actual input-output relationship. The inverse maps a
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desired reference trajectory into a temperature signal. When temperature can be measured, an
adaptive thermal model then commands a current to control the temperature of the SMA to track
the desired temperafure. For cases where temperature measurements are unavailable, integration
of a simplified thermal model (based only on rough estimates of the thermal parameters) was
used in place of actual temperature measurements.

The control algorithm used for a single-wire test setup can best be described by referring
to the schematic in Figure. 9. The reference displacement signal (#) was mapped into a reference
temperature 7, via the hysteresis model inverse H'. u is the heating required to force T to track
T, . The current signal i is the input to the SMA wire. The current was also limited by strict
bounds on u given by ue€[0, imax’], Where ima Was a pre-defined safety limit on the current. The

lower limit on u essentially meant that the fastest cooling that could be achieved was when the
current to the SMA wire was turned off. Gains that determined how fast T would approach T,
were a,=b, . @ and B, and were physical parameters based on the convection and the
resistance of the wire, respectively.

To adaptively update the hysteresis model to represent the y-versus-i’ relationship, the
estimate y of the displacement output was generated from H(T). The estimation error was
calculated using the error between 7 and the actual displacement y. The hysteresis model
parameters 6 were updated using the gradient adaptive law from Section 3.1.2 of Reference 24,

in turn updating the inverse model.

In this control method, the thermal parameters remain c.onstant. Although it may be
possible to adaptively update the thermal parameters to represent the heating and convection
more accurately for a time-varying cooling environment, for the results presented, the burden of

accounting for these variations lies solely with the adaptive hysteresis model. Reasonable
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estimates of the thermal parameters served to ensure that T remained in the defined input region
of the hysteresis model®.

Figure 10 is a schematic of the experimental setup' used to test the SMA control theory.
The C shape of the test stand provided support for the wire while allowing easy access to the
wire. The wire was embedded in a cooling channel. The SMA wire was connected to power
leads by brass connectors, one on each end. The free end (top) of the wire was attached to the
lever arm by a kevlar string. A spring attached to the opposite end of the lever arm both held the
SMA wire in tension and provided a restoring force for the SMA. The spring was used instead of
a constant weight (mass) as inertial forces created by a dead mass at higher frequencies caused
the SMA wire to bounce, resulting in compressive forces on the SMA wire. Displacements were
then measured using a Celesco string-potentiometer. The resolution of the string-potentiometer,
in conjunction with a 16-bit data acquisition board (National Instruments AT-MIO-16XE-50),
was 0.0008 inches. The total worst-case uncertainty was 0.011 inches in absolute position. The
average wire used in the test frame was 12 inches long, so at 2% strain, and with a lever motion
amplification of 4 to 1, this resulted in a displacement uncertainty of 1.15%.

On application of our adaptive control scheme to water-cooled SMA actuators for this
experimental setup, good tracking for actuation frequencies as high as 20Hz was achieved.
Figure 11 presents the control results for the case of using cool air as the convection medium. As
shown, the tracking was very good, but due to the limited convection rates of air, only low
actuation frequencies could be achieved. Figure 12 presents the tracking control results for the

case of using water as the convection medium. Tracking was very good, and actuation

frequencies as high as 20Hz were achieved.
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Energy Considerations for SMA Actuators

It should be kept in mind here that SMAs are actuated by heat, which means that one
does not necessarily have to use electricity to actuate them. One would rather use the chemical
energy of fuels. We are in the process of developing small combustors along with active transfer
of the heat to and from the SMA. Figure 13 shows a compact SMA actuator system, which
comprises of mini pumps, a combustor, the SMA actuator, a heat exchanger and fuel as the
energy source. Propane or Gasoline is used as the fuel since their energy densities are on the
order of (50,000KJ/Kg), which is much higher than energy densities of batteries or fuelcells.
Ethylene Glycol is considered as the heating fluid due to its high boiling point. It is heated in a
combustor, which acts like a high efficiency boiler. The hot Ethylene Glycol heats the SMA
actuator convectively above Austenite finish temperature causing strain recovery and hence
actuation. Ethylene Glycol is circulated in the heating circuit through a pump. Another pump is
used to circulate the coolant in the cooling circuit for cooling the SMA down to the Martensite
finish temperature. A small battery operates these two pumps. The coolant is also circulated
through a heat exchanger to dissipate heat removed from the SMA actuator.

Let us consider the following example: A typical, generic fuel has an energy density
(enthalpy) of 13,000 Wh/Kg (48,800 KJ/Kg). The full transformation latent heat per unit volume
for a typical SMA is 0.10 J/mm’. For a flapping wing pAV with a wingspan on the order of 0.3
m, approximately 300 mm (length) of NiTi wire with é diamefer of 0.6 mm (0.023") (keeping in
mind that a NiTi wire of that diameter can pull, when actuated, as much as 70 N or 15.7 Ibf) is
considered. For an average flapping frequency of 20 Hz, the amount of wire mentioned above (a
total of 85 mm®) would need a total of 170 J/s. Assuming full transformation per cycle and a

combustion efficiency of approximately 85% (typical of high efficiency boilers) a gram of fuel
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will be sufficient to maintain the vehicle in cruise for about 4 min. The same calculations for a
wingspan of 0.15 m (6") yields a flying time of approximately 8 min/g of fuel. Note that this
analysis is based on full transformations. Partial transformation with multiple thin SMA
actuators, would give higher frequency response3 and less fuel consufnption per SMA layer,
yielding greater flying time for a given wing span.

To get an idea about work done per unit muscle mass (J/Kg), we compare typical work
done by an SMA muscle to that done by a typical dragonfly and a hummingbird wing muscle as
shown in Table 1. The reason for choosing hummingbirds and dragonflies is in accordance with
the general understanding that development of a FWHAYV based on biomimetics require study of
flight mechanisms and characteristics as found in hummingbirds, dragonflies, and other flapping-
wing insects. Based on conservative estimates, the work done by a typical SMA actuator per unit
mass surpasses the estimates for hummingbirds and dragonflies. Of course, this fact alone does
not justify usage of SMA for FWpAV. However, this combined with recent developments, like
smaller system weight/size, high actuation frequencies, high energy densities, active
heating/cooling and relatively high fatigue life, provides enough incentive for SMA actuators to

be considered as an alternative.

Table 1. Work done per muscle mass

Muscle Type Work done per muscle mass
(’kg)

Dragon Fly (S.sanguineum)26 4

Hummingbird27 2-7.41

SMA 1000
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SMA Actuators as Locomotor Muscles for a Biomimetic Hydrofoil

The profile shape of the six-segment biomimetic hydrofoil' was based on an NACA 0009
airfoil sectio.n with a 30-inch (76.2-cm) chord and minor mbdiﬁcations in the aft portion of the
profile. There are three main components to the biomimetic hydrofoil: a) the aluminum backbone
and rib structure, b) the SMA muscles, and c) the scales or skin.

The ribs are seven 0.25-inch-thick (0.64-cm) aluminum plates. The seven ribs are
connected with six sets of hinge pairs (vertebrae). The vertebrae are machined aluminum, with
bearings at the pivot points to ensure smooth motion between the ribs. Mounted on each vertebra
of each pair is a position encoder. The encoder gives the relative angle between adjacent ribs.

The SMA muscle has two parts that pull in opposing directions. The opposing force is
provided by two springs. The SMA wires run parallel to the segments, as shown in Fig. 14. This
orientation allows the wires to be longer, and with a pulley system a larger angular displacement
of the vertebrae is achieved.

The skin is the interface between the vehicle and the ambient fluid and allows the
hydrofoil to efficiently transfer energy to the fluid, thus generating thrust. The skin is set up as
six overlapping scales on each side, with nose and tail sections added at the leading and the
trailing edge respectively. Fig 15 shows the fully assembled hydrofoil.

In-air actuation tests were performed to track various types of reference signals. Water tunnel
' actuation was performed to track several types of reference signals and to measure the thrust
generated by the resulting hydrofoil shapes. Sinusoidal deflection patterns were also tested for

thrust producing capabilities. Fig. 1 shows a picture from one such actuation cycle.
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Conclusions -

Controllable actuation of SMAs up to 20Hz has been demonstrated. Increasing actuation
bandwidth would require using active temperature controlled cooling medium. We are in the
process of implementing SMA actuators that utilize partial transformation and active cooling and
are capable of actuation bandwidths of 50 to 100 Hz.

It has been shown that fatigue life of SMAs depends upon dislocation density, applied
load and the extent of phase transformation. Fatigue life increases under reduced load and partial
phase transformation. Areas such as low energy efficiency and relatively high current |
requirements for SMA actuators, if electric SMA heating is utilized, need to be addressed.

Small fuel combustors coupled with active transfer of heat to and from the SMA are
being researched as high energy-density sources for SMAs. An effort has been made to provide a
- general proof of concept of using SMAs as locomotor muscles for FWpAV and AUV. Actual
implementation of SMAs as locomotor muscles for a biomimetic hydrofoil has been discussed

and acts as a stepping stone towards further development and understanding of SMA actuated

FWpAYV and AUVs.
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Figure 14: Schematic of SMA muscles on biomimetic hydrofoil.




Figure 15: Assembled biomimetic hydrofoil.



Figure 16: Photograph of a tail position during an actuation cycle in the water tunnel.



