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ABSTRACI‘ ¢ Extending the usable bandwidth of shape memory alloy actuators for vibration con-
tr{_:al Is investigated, both analytically and experimentally. The differential actuator, which uses SMA
wires in agonist-antagonist pairs, is a potential solution. Simulation shows that only modest power
requirements are necessary to achieve bandwidihs between 10 and 20 Hz.

INTRODUCTION

S space structures become more lightweight and flexi-

ble, control of system responses due to both external
and internal forces is increasingly important. A small ma-
neuver by a space structure with flexible appendages in-
duces low frequency vibration which requires many cycles
to attenuate by passive means. Traditionally, such response
has been attenuated by applying passive control systems
such as tuned mass dampers and viscoelastic damping
materiais. These can be effective but, in extreme cases. may
provide insufficient improvement in performance. For ex-
ample, an antenna on a communications satellite may be re-
quired 1o slew rapidly, stop, and send or receive information
in a fraction of a second. Such performance abjectives are
inconsistent with the capabilities of passive vibration con-
trol systems and lead the designer to active strategies.

Recently, a large body of research has been devoted to de-
veloping applications for the unique properties of shape
memory atloys (see, for example, Buehler and Wiley, 1965;
Cross, et al., 1970; Jackson et al., 1972; Wayman and
Duerig, 1990). Shape memory materials possess the ability
to remember their initial configuration. After deformation,
these materials return to their initial shape when heated
through a transformation region. In addition, the material
properties of shape memory alloys change throughout the
phase transformation. It is these unique characteristics that
make shape memory alloys potentially valuabie components
in smart material systems.

In terms of application to structural control, Rogers and
coworkers (Liang et al., 1990, 1991, 1992; Rogers et al.,
1988, 198%a, 1989b, 1990a, 1990b, 1991, 1993} have made
significant contributions, both analytically and experimen-
tally. Rogers, Liang, and Jia (1989a) and Rogers and Barker
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(1990a) have used active strain energy tuning (ASET) and
active properties tuning (APT) to alter the vibrational char-
acteristics of composite plates containing embedded shape
memory alloy wires. In both cases, increasing the effective
stiffness of the structure caused an upward shift in the
natural frequencies of vibration. Selective activation of the
embedded wires was also shown to be useful in altering
mode shapes. Baz and Ro (1992) developed a thermal finite
element medel of shape memory alloy reinforced composite
beams and investigated the effect of selective activation on
response. In other applications, Chaudhry and Rogers
(1991a, 1991b} used the forces developed during restrained
recovery to controt buckling of cantilevered beams, Wires
embedded along the neutral axis of a beam generate
recovery forces that oppose buckling, The inplane tensile
loads add to the overall structural stiffness, thereby increas-
ing the critical buckling load.

The above systems can be considered to be passive in
nature because they do not require that the shape memory
alloy wires be thermally cycled. The use of shape memeory
materials as active components in vibration control systems
has been studied by Baz and coworkers (1990a, 1990b) and
Rogers and coworkers (1988, 1989a, 1989b, 1990a, 1991,
1993). Baz, Imam. and McCoy (1990a) used the shape
recovery effect to actively control the vibration of a canti-
levered beam. Wires mounted to the surface of the beam
were used to generate control forces opposing low fre-
quency vibration. The bandwidth ef such a control system,
however, is limited by the ability to cool the nitinol wires for
the next cycle. Wilson, Anderson, Rempt, and ITkegami
(1990) extended the bandwidth of such a systern by using
multiple shape memory alloy wires attached to the surface
of a cantilevered beam. The multiple wire configuration
allowed a higher actuation frequency to be achieved by heat-
ing a wire every other cycle rather than on every cycle. This
provided more cooling time for each wire. Liang and
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Rogers (1990) extended the capabilities of SM A-based actu-
ator systems by developing design criteria for actuators
employing shape memory alloy wires. The performance of
these actuators is highly dependent on the material proper-
ties of the shape memory alloy wires and the means by
which the wires are cooled. Baz, Imam, and McCoy (19902,
1990b) showed experimentally that the maximum attainable
bandwidth of SMA-based actuators is highly dependent on
the means of cooling the wires. In both cases, enly relatively
low bandwidths were achteved. The objective of the work
reported herein is to demeonstrate a concept by which the
usable bandwidth of SMA-based actuators can be extended.

THE DIFFERENTIAL FORCE ACTUATOR
Configuration

A diagram of the differential force actuator is shown in
Figure 1 {Quatrone, 1992). The actuator consists of two
groups (A and B), each with N shape memory alloy wires.
The groups form an agonist-antagonist pair with one group
providing the deformation force and the other providing the
restoring force. The group A wires are of length L, and di-
ameter d,, while the group B wires are of length L, and di-
ameter dp. In order to simplify the notation, both groups of
wires are assumed to have the same material properties and
transformation temperatures (see for example, Materials
Electronics Products Corp., 1990).

The temperature of each group of wires is to be controlled
independently. As a result, the chambers housing the two
groups will be thermaily insulated from each other, Two
thermocouples, one for each group, will be used to provide
temperature feedback. All of the wires in a group are con-
nected in series to allow for resistive heating, and ther-
moelectric devices will be used to maintain predetermined
ambient temperatures. A set of thermoelectric devices wil
be used for each chamber to allow different ambient temper-
atures to be maintained.,

The typical operation of this actuator system is iliustrated
in Figure 2. First, wire group B is heated while the tempera-
ture of group A is held constant. The group B wires are
prestrained, and heating causes the deformed martensite o
revert to austenite, The transformation process recovers the
prestrain and produces a force against the group A wires.
The group A wires serve as a nonlinear spring with a high
initial stiffness and a lower stiffness during the transforma-
tion. If the maximum force produced by the group B wires
cannot get the group A wires past the first yield strength, the
group A wires will be deforming within the linear elastic
range. In this case, the wires in group A function as a bias
spring (Liang and Rogers, 1991). The advantage of using
shape memory alloy wires over a coil spring to provide the
restoring force becomes evident when the stress in the wires
surpasses the yield stress. Once the stress in the group A
wires is above the first yield strength, the wires undergo a
stress induced martensitic transformation. This process
stores energy that will later be used to restore the actuator
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Figure 1. Differential force actuator configuration.

to its initial position. During the restoration process, the
group A wires are heated while the group B wires cool. The
group A wires generate a much greater recovery force, due
to the energy stored in the martensitic structures, that puils
the group B wires back to the initial position. The external
stress on the group B wires will increase the martensitic
transformation temperature, resulting in an earlier marten-
sitic transformation and shorter cycle times. The actuator
can be heated for the next cycle once the group wires have
returned to the initial state.
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Figure 2. Operating cycle of the differantial force actustor.

Differential Force Relation

The rate form of the constitutive relations for wire groups
A and B can be expressed as (Liang and Rogers, 1991,
Tanaka et al., 1992):

A = Déti A, A,
A Abg: A A IS ER
where & is the total number of wires in each of groups A
and B, The subscript, i, is used to refer to the properties of
an individual wire, and the overdot indicates differentiation
with respect to time. The equilibrium condition of the
system is given by

Lot = E(o® ~ a§) 2)

It is assumed that the total force exerted by each group is
eveniy distributed among all of the wires, which results in
the relations

A, = g4
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where n, and n refer to the number of active wires in each
group. Substituting (3) into (2) yields the generalized equi-
librium equation,

a0t = npla® — gf) 4)
The effect of activating only a small number of the wires in
a group will be discussed in a later section.
The geometric compatibility between groups A and B re-
quires that

—Ax, = Axg (5

Using the strain-displacement relationship Ax = L{e — ¢,),
Equation (5) can be written as

—Li(e* — €d) = Lo(e® — €§) (6)

Differentiating Equation (8) yields the compatibility rela-
tion (Liang and Rogers, 1992)

—L.é* = Lgé? 0

The rate form of the constitutive law for the actuator can be
expressed as {(Liang and Rogers, 1990, 1991)

Laoh ~ LaE* — LOT4 = —Lad® + L,QE" + L,0T"
(8

Note that, while subscripts i have been omitted for
simplification, Equation (8) is the rate form of the consti-
tutive law for a single wire pair. Moving the terms involving
the group B wire to the left side and factoring out the wire
lengths gives

LG4 — QF* — 8T%) + La(6" — QE° — 87%) = 0
©9)

Liang and Rogers (1991) showed that this equation could
be integrated, resulting in

La(o* — QF* — 8T4) + Ly(o® — Q7 — 077°) = G,
(10)

where the constant C, depends on the initial conditions of
the actuator. At this point, it will be assumed with no loss
of generality that L, = L, = Landd, = ds = d. Substi-
tuting the equilibrium Equation (4) into Equation (10} gives

240" — af) — Q8 — 6T% + oF — QEF — 6T° = C,

B

(1)

which is the generatized differential actuator relation. To
solve for the unknown constant, let 67 = of and substitute
into Equation (i) to ebtain

C, = —Qts — 0T84 + of — QEf — 075 (12)

Substituting Equation (12) into Equation (1f) and solving for
a® yields the generalized stress-temperature relation for the
differential actuator

Qe - £8) + 6T — T3)

+ O — E5) + 8(T% — T3]
o = of (& = = (13)

Defining the quantities 8 and Q" such that

g

L~ —— 4

0 1 + naing a4
Q1

= —— 15
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the generalized stress-ternperature relation becomes
o = of — Q7 — £) - 01T — TH)
- Q7E" — £§) — 0(TF — TE) (16)

The actuator displacement is directly proportional to the
strain in the group A wires and can be expressed as

x = Le (7

Equation (1) can be integrated with respect to time (Liang
and Rogers, 1990) giving

Ta — 08 = D(e* — ed) + QU — £8) + 6T = TH
(18)

D(e® — &f) + QE" ~ £8) + 81" — TY)

L

og — a8

Using Equation (4) to relate the stress in the two wire
groups, the thermomechanical relations for the two groups
can be equated resulting in

D(e® — e8) + QU* — ) + 6T — T3y = 2

X [D(e® ~ed) + 0T = T8) + Q¢ - )] (19)

Using Equation (7), the strain in the group A wires can then
be expressed as

QT - ) + 6T - T

- 2— [ — £8) + 67" — Ta)

4 =
€ D( + nainy) 20)

Transient Response of SMA Wires

The transient thermal analysis of the wire is carried out
using a lumped capacitance medel. On heating from an in-
itial temperature, T,, and assuming convective boundary
conditions, the temperature response can be expressed as

T—-T =T - e 21

For resistive heating, the final stable temperature, 7, and
thermal time constant, 7, are given by

IR _ dec
xdh' T T ap

where [ is the input current, R is the electrical resistance of
the SMA wire, k is the heat transfer coefficient, @ is the den-
sity, and c is the specific heat. On cooling, the response can
be expressed as

T—-T,=(T. - Ty)er 23)

where 7; is the temperature at the beginning of cooling cy-
cle.

For the case of laminar flow around a rod of diameter d
and subjected to a temperature gradient A T, the heat trans-
fer coefficient can be approximated by (Holman, 1981)

_135._?‘0.25 24
= 13| (24)

Substituting Equation (24) into Equation (22) yields

T B 12R i 174 QC d5.|’4 25
‘= 1axd\ar! T T aqalara @)

Temperature Contirol

Assume now that each of the groups is divided into sub-
groups containing n wires. The wires in the individual sub-
groups are connected in series and contain a thermocouple
for temperature feedback. In this configuration, subgroups
from chambers A and B form N/n agonist-antagonist pairs.
The governing relations for each subgroup pair are the same
as those given in the previous section but with n, = 1y =
n. The subgroup configuration has two benefits. First, it
reduces the actuator reset probiems encountered with previ-
ous actuator designs {Baz et al., 1990b; Liang and Rogers,
1992} by requiring that each subgroup be used only once out
of every N/n cycices. Once one subgroup pair has completed
its cycle, another pair will activate for the next. This eases
the ambient temperature requirements, because each pair
will now have N/n times longer to cool. If the actuator con-
tained only one large group in each chamber, it would have
to be kept to extremely Jow temperatures in order 1o achieve
reasonable actuation frequencies. With the subgroup con-
figuration, the actuator can complete a cycle by using one
subgroup combination and begin another cycle with a
different combination.

Since multiple subgroups are to be used, the ambient tem-
peratures in two chambers only need to be low enough to
ensure that the wires will reset before their next activation
cycle. The temperature to which the wire must be cooled in
order to achieve reset will be called 7., which can be
calcuiated from the thermomechanical relations. Thermo-
electric devices will be used to maintain this temperature in
the chambers. The oaly requirement on the actuator is that
it contain sufficient subgroups te allow reset to occur before
the next activation cycle.

A thermocouple will be used to monitor the temperature
of each subgroup. During the heating portion of each sub-
group’s cycle, the thermocouple will activate an electrical
switch. Once the wires in the subgroup reach the austenite
finish temperature, the input signal is turned off, and the in-
put for the other subgroup in the pair is turned on. This con-
rol scheme allows for high input voltages, which result in
shorter cycie times.

The maximuem temperature will also be used to control
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the restoration process. Since the stress in wire group A is
less than the stress in group B, the austenitic transformation
temperatures of wire group A de not change as much as the
martensitic transformation temperatures of group B. As a
result, the transformation in the group A wires starts before
the group B wires. Similarly, if the maximum temperature
is high enough, the group A wires can be heated through
their transformation before the group B wires begin the
reverse transformation. This simplifies the analysis signi-
ficantly.

DESIGN CASE STUDIES

In this section, the governing relations derived above will
be used to simulate the response of the differential actuator.
Liang and Rogers (1992) investigated single wire pair actua-
tors and showed that they could be cycled more quickly than
bias spring actuators. The case studies that follow will in-
vestigate the effect of the actuator physical parameters on ac-
tuation time, wire stress and actuator stroke. The parame-
ters under investigation are the maximum wire temperature,
the initial martensitic fractions of subgroups A and B, and
the wire diameter. The results of these studies wiil be used
to determine the effectiveness of this actuator at extended
bandwidths. The case studies are carried out with reference

to a baseline actuator system whose parameters are shown in
Table 1.

Maximum Wire Temperature

Figure 3 shows the effect of the maximum attainable tein-
perature on the heating cycle time for groups A and B. This
figure indicates that, for equal maximum temperatures, the
group B heating cycle is shorter than the group A cycle. The
difference is due to the fact that the stress in the group A
wires at the start of the restoration process is higher than the

Table 1. Parameters for the
baseiine differential actuator.

Parameter Yalue
M, —-27°C
M —34°C
A, —-25°C
Ar —14°C
D 7000 MPa
L 2in
[ 0.1 MPa/eC
Q -70 MPa
I 100°C
T3 —-25°C
T8 -25°C
d 0.025 in

8 0
£8 0.6
n=N 1
w 11
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Figure 3. Effect of the maximum wire temperature on the group A
and B cycle times.

stress in the group B wires at the start of the deformation
process. Higher stress results in higher austenitic transfor-
mation temperatures for the group A wires which causes
longer actuation times. [ order to maintain equal cycle
times, the maximum attainable temperatures must be
different. Using the governing relations, it is possible to pre-
dict what the two maximum temperatures need to be n
order to maintain equal cycle times.

Figure 3 also indicates the existence of a hyperbolic rela-
tionship between the maximum temperature and the heating
cycle time. The figure shows that small increases in the
maximum temperature can result in large decreases in the
heating cycle time. For the group B wires, a change in the
maximum temperature from 100°C to 200°C results in
nearly a factor of three decrease in the heating cycle time.
For the group A wires, a change in the maximum tempera-
ture from 200°C to 400°C results in a similar decrease.

Wire Diameter

The wire diameter has a significant effect on the thermal
time constant. Figure 4 shows the effect of the wire diameter
on the cycle time of wire groups A and B. Once again the
difference in the cycle times for the two groups is due to the
stress at the start of the respective transformations. The
figure indicates that extremely small wire diameters can

Cycle Time (Seconds)
[+ 3

o , . . s .
o noos 00l ools 002 0025 003
Wire Diameter {Inches)

Figure 4. Effect of wire diameter on the group A and B cycle times.
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result in a small heating cycle time for both groups. As a
result, an actuator with a large number of small diameter
wires can achieve higher actuation frequencies than one
with a small number of large diameter wires.

Initial Martensitic Fraction of Wire B

The initial martensitic fraction of the group B wires has a
significant effect on the response of the actuator as it deter-
mines the maximum actuator stroke. Figure 5 shows the ef-
fect of the initial martensitic fraction of the group B wires
on the actuator stroke. The larger the martensitic fraction of
the group B wires, the larger the maximum actuator stroke.
Though an increased martensitic fraction increases the
stroke, it also decreases the ability of the group A wires to
return the actuator to the initial position. Figure 6 shows the
reset gap versus the initial martensitic fraction of the group
B wires, The reset gap is the difference between the initial
actuator position and the position at the end of the group A
transformation. The figure indicates that, if the group A
wires have no initial martensitic fraction, they can only
recover approximately half the deformation caused by the
group B wires. As a result, in order 10 minimize the reset
gap, the group A wires must also have an initial non-zero
martensitic fraction. Figure 7 shows the martensitic fraction
of the group A wires versus the reset gap. The figure shows
that 2 martensitic fraction of 0.55 or above is required to
achieve a complete cycle. From this result, a critical ratio
between the two martensitic fractions can be derived. Simu-
lations indicate the ratio of the initial martensitic fraction of
the group A wires 10 the initial martensitic fraction of the
group B wires must be 0.9 or larger in order 10 achieve com-
plete reser.

Initial Martensitic Fraction of Wire A

The initial martensitic fraction of the group A wires has
a larger effect on the cycle time than the group B wires.
Figure 8 shows the cycle time plotied against the initial
martensitic fraction of the group A wires. The cycle times
increase because higher martensitic fractions resuit in
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higher stress. The maximum wire stress in the group A
wires increases linearly with the initial martensitic fraction
as shown in Figure 9. Increasing the initial martensitic frac-
tion of the group A wires from 0.2 to 1.0 causes the wire
stress to double. The increased stress increases the transfor-
mation temperatures resulting in longer cycle times.

The inttial martensitic fraction of the group A wires also
has an effect on the actuator stroke. Though increasing the
martensitic fraction of the group A wires decreases the reset
gap, it has the reverse influence on the stroke. Figure 10
shows the effect of the initial martensitic fraction of the
group A wires on the actuator stroke. Increasing the
martensitic fraction results in almost a 40% decrease in the
actuator stroke. As a result, the martensitic fraction of the
group A wires should be limited to the value that preserves
reset.

Simulated Sinusoidal Response

The simulated response of the differential actuator and its
associated control signals are shown in Figures 11 and 12,
respectively. The physicat parameters used for the simula-
tion are the same as those in Table 1 except that £§ = 0.9£§

2
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Flgure 10. Effect of the initial martensitic fraction of the group A
wires on the actuator stroke.
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Figure 11. Simuiated differential actuator response with Toax =
100°C.

and d = 0005 inches. The frequency of oscillation depends
on the maximum attainable wire temperature. For the maxi-
mum temperature given in Table 1, the response is nearly
sinusoidal with a frequency of 0.3 Hz. As the maximum
temperature is increased, the frequency of the response will
increasc as shown in Figure 13. Using a diameter of 5 mil-
linches and a maximum temperature of 200°C above the
austenite finish temperature, the maximum frequency of
oscillation is 0.8 Hz (Figure 13). This is an improvement of
167 % over previous designs (Baz et al., 1990b; Liang and
Rogers, 1992) with similar material properties.

Since cooling is not used for either part of the actuation
cycle, the maximum frequency is no longer limited by
natural convection. Providing that small diameter wires are
used in the subgroups, and that sufficient amplification is
available to provide the input power, the differential force
actuator is capable of operating in the range from 10 to 20
Hz. Table 2 gives the maximum wire temperatures required
to maintain a 10 and 20 Hz bandwidth for a wire diameter
of 5 millinches and indicates that retatively low maximum
wire temperatures are required. As a resuit, differential
force actuators are feasible for use as extended bandwidth
actuators,
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Figure 12. Control signal for simulated differential actuator.
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Figure 13. Simufated difforential actuator response with Toa =
200°C.

EXPERIMENTAL RESPONSE OF THE
DIFFERENTIAL ACTUATOR

Setup and Procedure

A photograph of the apparatus used for the differential
farce actuator tests is shown in Figure 4. The actuator con-
sists of a single pair of wires, each two inches in length. The
top and bettom sections of the actuator are affixed to the
stand while the middle section is free to displace. The actua-
tor displacement is monitored with an LVDT that is con-
nected to the middle section. Set screws are used 1o attach
the wires to the sections. A set of leads for resistive heating
are connected 1o each wire, and thermocoupies are used to
meonitor wire termperature. The thermocouples provide tem-
perature feedback that aliow the heating processes to be
coordinated. An automated data acquisition system equip-
ped with a digital signal processor is utilized 10 record tem-
perature and displacement as well as to provide control sig-
nals.

Table 3 lists the physical parameters of the wires used for
the tests. Two types of wires were employed. For the initial
martensitic fraction tests, wires with a diameter of 25.0 mil-
linches and an austenite start temperature of 27°C were
used. For the actuator frequency tests, wires with a diameter
of 7.5 miltinches and an austenite start temperature of 27°C
were utilized as well. In preparation for the tests, the wires
were heated in an oven to a temperature of 100°C and then
placed in a liquid nitrogen bath. This process set all of the
wires to pyre martensite, which was the reference state.

The group B wires were given initial martensitic strains

Tabie 2. Maximum wire temperatures required
to maintain extended bandwidths.

Frequency
Bandwidth 10 Hertz 20 Hertz
Tnax noeC 500°C

Figure 14. Differentiat actuator tosting apparatus.

by straining them while in the martensitic phase. For all of
the tests, a martensitic strain of §% was used. Straining
while in this phase cavuses twin boundary movement which
is later recovered by heating. The initial martensitic frac-
tions in the A wire were obtained by heating it part, or all,
of the way through the austenitic transformation, This pro-
cess drives away part of the martensite that formed while in
the liquid nitrogen bath. The temperature to which the A
wire was heated depended on the desired initial martensitic
fractior and will be discussed in the next section. Once both
groups were set to their initial martensitic fractions, the
wires were loaded into the fixture. Care was taken not to
deform the wires during the loading process as this would
change the initizl martensitic fraction.

RESULTS

Initial Martensitic Fraction Ratio

Figures {3, 16, and 17 show the results of the initial
martensitic fraction studies. Figure 15 gives the response of
an acwator in which ne stress induced martensite is formed
in the A wire. The A wire for this test was heated com-
pletely through the austenitic transformation which left it
with no initial martensite. In this case, the B wire recovered
its initial strain but could not get the wire past its first yield
point. No stress induced martensite formed, and as a result,
the A wire had no strain martensitic structure 1o recover and
could not return the actuator to its initial position. The small
amount of recovery shown in Figure 15 is due to normal
thermal contraction of wire B as it cools.

The A wire for the actuator whose response is shown in
Figure 16 also had no initial martensitic fraction. In this

4
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!;iagure 17. Complete differential actuator cycle with 4 = 0.9 and
o = 0.72.

test, though, the stress generated by the B wire forced the A
wire past the first yieid point. As a result, some martensite
was induced, but not encugh to allow the A wire to return
the actuator to its initial position. The force generated by the
B wire only induced enough martensite to restore half of the
originalt deformation.

Figure 17 shows a complete actuation cycle. In this test,
the A wire was given an initial martensitic fraction equal to
0.9 times the initial martensitic fraction in wir€ B. The ini-
tial martensitic fraction of the B wire was 0.8. Therefore, the
initial martensitic fraction of the A wire required to achieve
complete recovery was 0.72. The temperature that the A
wire needed to be heated to in order to reach a martensitic
fraction of 0.72 was found to be 28°C. Preparing the A wire
in this manner allows it to be able to fully recover the defor-
mation caused by the B wire.

The results shown in Figures 15 through 17 support the
existence of a critical martensitic fraction ratio. The numer-
ical simulations indicate that the critical ratio of the marten-
sitic fraction of the A wire to the martensitic fraction of the
B wire is 0.9, The results shown in Figure 17 verify this
value.

Maximum Actuator Frequency

Figures 18 and 19 show single actuation cycles for actua-
tors containing two different wire diameters. A 3 amp cur-
rent was used to heat the wires. The wire diameter affects
the maximum attainable wire temperature and the thermal
time constant, both of which reduce the actuation time.
Figure 18 shows a cycle for an actuator with physical param-
eters equal to those in Table 3, a wire diameter of 25 mill-
inches, and an initial martensitic fraction in the A wire of
0.72. Measurements of the time required to complete the cy-
cle indicate that the actuator operates at a frequency of 0.1
Hz. The maximum frequency predicted by rumerical simu-
lation is 0.212 Hz. Figure 19 shows the response of the same
actuator but with 7.5 millinch diameter wires. The oscilla-
tion frequency for this case is 1.667 Hz, while the frequency
predicted in the numerical simulation is 1.853 Hz. In both
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Figure 18. Actuation cycle withd = 25.0 milfinches: 0.1 Hz—Exp.,
0.212 Hz—Num.
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z p— to be a solution despite the fact that it does not rely on cool-
18 L ,_;f ™ ing for the return cycle. Simulation shows that only modest
_ : power requirements are necessary 1o achieve bandwidths
3 M between 10 and 20 Hz. The results from the simuiations and
‘.Z‘ 4t experiments also indicate that the ratio of the initial marten-
E .l sitic fraction of the group A wires to the group B wires must
g be greater than 0.9 in order fo achieve a complete actvation
Ey r cycle. If the ratio is less than this value, the group A wires
e oR i e 5 will not be abie to return the actuator in the initial position.
presmeiramcsnsrunt™ "’*.-_hh__
06 L . . e
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Figure 19. Actuation cycle with d = 7.5 millinches:
Hz—Exp, 1.853 Hz—Num.

1.667

cases, the experimental value is lower than the predicted
value. The discrepancy is likely due to the non-ideal condi-
tions under which the experiments were performed, which
inciuded excessive handling of the wires during setup, slip-
page in the gripping systemn during operation, and fluc-
tuating ambient temperatures.

The results shown in Figure 18 and 19 indicate that the ac-
tuation frequency is very sensitive to the wire diameter,
Simulations indicate that further reductions in the wire 1o 5
millinches would allow the actuator to achieve a 5-10 Hertz
bandwidth. In order to optimize the actuation frequency,
small diameter wires and high driving power should be
used.

CONCLUSIONS

The purpose of this study was to investigate a method of
extending the usable bandwidth of shape memory allay ac-
tuators for vibration control. The differential actuator,
which uses SMA wires in agonist-antagonist pairs, appears

Table 3. Parameters for the
experimental differential actuator.

Parameter Value
M, oeC
M; —24.3°C
Az 25.7°C
A 34.4°C
o 7000 MPa

YL 2in

8 C.1 MPa/°C
0 —70 MPa
L 170,500°C
T8 25°C
T 25°C
d 0.025, 0.0075 in
£ 0,0.72
8§ 0.8
n=N 1
w 0.5 b

A,, A, = austenite start and finish temperatures
D = elastic modutus
h = heat convection coefficient
La,Ls = length of the SMA wires in the different force ac-
tuator
M,, M, = martensite start and finish temperatures
5 = wire cross-sectional area
T = temperature
7, = final stable temperature of an SMA actuator
€ = engineering strain
¢; = maximum amount of recoverable strain
... = residual martensitic strain
& = thermoelastic tensor
g4 (2 = martensitic fraction in wire groups A and B, re-
spectively
0 = Siress
t = thermal time constant
{1 = transformation tensor

Superscripts

A = variables related to wire group A of the differen-

tial actuater
B = variables related to wire group B of the differen-

tial actuator

Subscript

0 = denotes initial condition
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