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Abstract

A simpffied procedure for the design of SMA(Shape Memory Alloy) actuators is presented.
The inter-relationship between the mechanical properties and the electrical properties that
are relevant for the design of SMA actualors working under a conEtant load are clearly
brought out. The dilferent conditions that arise while using an SMA actuator against o constant
load has been considered. The locus of SMA acluators in relation to conventional actuators
has been clartfied. The joule heating efects and power developed by the SMA actuator in
relation to its weight has been also dealt with.
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Nomenclature

: diameter
: deflection
: current
: efficiency
:Newton
: meter
: milli meter
: input power (watts)
: output power (watts)
: joule heating (I'Rt)
: resistance
: time
: voltage
: work done
: weight

Introduction

The SMA actuation technologies have made signifi-
cant strides in recent years. This is despite the fact that
their efficiencies are low compared to other actuators due

to factors such as high current density requirements to
actuate these materials and their low time response char-
acteristics. In fact in the area of micro-actuating devices,
SMA based technologies are going to score well over
many others. Even in applications other than micro-actua-
tions ( consider wire diameter in the range of I to l2xlOa
m (0. 1 to l.2mm )), where larger forces are required, SMA
is still very much in contention as an actuating element
because of its compactness, simplicity, cleanliness and

ease of operation compared to other actuating devices.
This is particularly true in aerospace applications where

the availability of space is often a severe constraint and

silent and clean environments are desired. In such situ-
ations the use of SMA appears to be promising. Shape
memory alloys are a unique class of materials, which
remember their shape after large (about 4%) mechanical
deformations. Once deformed in the cold shape (marten-

site) these materials will stay deformed until heated,

whereupon they will spontaneously return to their original
pre-deformed shape (hot shape i.e. austenite). In order to
energize the SMA (for actuation) to bring about the ther-
mally induced transformation the preferred mode of heat-

ing is electrical. This is because the electrical heating gives
better control and is amenable for interfacing with the
computer controls. Therefore, proper understanding ofthe
mechanical and related electrical behaviorof SMA is very
important.

During the thermally inducedphase transformation the
desired changes in mechanical behaviour related parame-
ters of the SMA actuating element, such as stress, strain,
modulus etc, are achieved. As mentioned earlier, this is
done by electrically energizing the SMA element.

The choice and selection of the geometry of SMA
actuator element is dependent on the force and strain
required, response time requirements and issues relating
to power consumption.

For the successful realization of SMA actuation a

whole range of material behavioural properties need to be

thoroughly studied. Since electrical heating is the pre-
ferred mode ofheating the SMA, the understanding of the

mechanical, time response and related electrical properties
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of the SMA assumes paramount importance. Some work
has been done in this area. G. Airoldi et. al. [] reported

on the electric resistance of shape memory in the pseudoe-

lastic regime, Pavel. L. Potapovet. al.[2] presentedapaper

on the time response of nitinol ribbons. R. Stalmans and

J.V.Humbeeck [3] reported the locus of SMA actuators in

relation to other actuators with regard to the power devel-

oped and the weight of the actuator based on their work
and on the work of other researchers. Papers are also

available in the literature which detail the use of SMA
spring actuator; Tom Waran [4], Richard F Gordon [5]
explain the principles of SMA spring actuators. SMA
spring actuators are used in several fields such as air
conditioner baffles, ventilators in houses, fire protection

devices and so on. J .R. Yaeger [6] reports on the selection,

processing and evaluation of SMA wires. The mode of
deformation in the spring actuator is shear. The maximum

recoverable stresses in the shear mode is far less than in

the tension mode. J.V. Humbeeck [7] lists the maximum

stress in relation to strain and number of cycles for Ni-Ti
alloys. Papers which extensively report on the inter rela-

tionships and interdependency of various parameters for

thin wires in the tensile mode, such as power developed,

power required, time response characteristics, efftciencies

for SMA elements of the same chemical composition but

varying cross-sections are very scanfy in the literature [6].
By gaining proper insight and appreciation ofthese inter-

relationships one is better equipped to make the right

selection ofthe SMA andproperly design the SMAbased

actuation element for a given application. In this paper the

design issues involved in the design of shape memory

actuators are discussed.

SMA ele ments (as actuators) are used to do work either

against a constant load such as a dead weight or against a

bias spring as shown in Fig.l . In this paper the experi-

ments focus on SMA lifting a constant load. For the case

of SMA lifting a constant load itself, two different sets of
experiments were carried out. In one set of experiments

the current was varied within a small range and the corre-

sponding deflections were recorded. In the second set of
experiments the current and time were both varied in a

certain range, so that the deflection was constant. As

mentioned earlier the interrelationships between mechani-

cal and electrical properties that are relevant for the actua-

tor design and sizing the electrical power requirements are

brought out for Ni-Ti based shape memory round wires of
identical compositions but varying diameters.
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Experimental details

Ni-Ti round wires of 1.3 to l2xlOam (0.13,0.3, 0.5

and l.2mm) diameter and constant length of 0.26m were

chosen. They were all supplied with an appropriate

amount of cold work and heat-treatment so as to produce

a recoverable strain of4% under a constant stress of 150

MPa. The zero load martensite finish, martensite start,

austenite start and austenite finish temperatures for these

elements was around 25,45,55, and 75oC respectively.

To simplifli the experimentation a constant stress of 150

MPa was applied for the wires and two different experi-
ments were carried out.

A variable voltage, variable current source was used

to energize the SMA. The schematic of the experimental

set up is shown in Fig.2.

The resistance of SMA decreases while the martensite

to austenite phase transformation is being effected and

therefore the resistivity decreases as the temperature in-
creases. The power supplies that are used to energise the

SMA has to take care ofthis and related effects. Also, the

power supply has to have enough compliance voltage to
take care of the entire range of load current which varies

CASE 3 .- VARIABLE STRAIN: vARIABLE FoRcE

i.c. PARTIAL RECoVERY ONHEATING

(oNEENDFDGD,

SPRING BIAS AT OTHEREI{D)

Fig. I Basics of SMA behaviourfor dillerent types

of application
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during the phase transformation. Further the required pro-
tection features when the said voltage and current limits
exceed in order to protect both the power supply and SMA
loads have to be built in. In one set of experiments under
the constant stress of 150 MPa, the SMA element was

energized from the power supply. The current was gradu-

ally varied in a small range for the same heating time and

the coruesponding deflections were studied. The heating

time refers to the time required to bring about the complete

actuation (from martensite to austenite) and the cooling
time refers to the time required for the material to cool
down to room temperature so that it completely reverts

back to the martensitic condition and the SMA element is

ready for the next actuation. The deflections were meas-

ured using a height gauge. The different parameters such

as work done, heat input, efficiency and ratio of power

developed/weight of the wire were calculated. The differ-

VOL,55, No,4

ent readings and the calculated parameters for this set are

listed in Table-2.

In the second set ofexperiments again under the con-

stant stress of 150 MPa the current was again gradually

varied but this time the heating time was decreased with
increase in current such that the amount of deflection was

always constant at approximately 4Yo recoverable strain.

Again, the different parameters such as work done, heat,

input, efficiency and ratio of power developed to weight
of wire was calculated, as shown in Table-3.

Observations

As mentioned earlier the SMA linear actuators are

used in many cases against a bias load, in which case the

design strain is normally in the range of 2-3% depending

' to" too to'' lo' to' to' I' to' to' to'

Weight of the Actuator (N)
Fig. j Locus of SMA and olher actuators
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Fig. 2 Schematic of experiments setup

Table-l : Summary of Data from Figs. 4, 5 and 6 Plotted for 4o/o Strain

Sl.No. Parameters Fis.4 Fie.5 Fie.6

I lleatins time in secs. 9

2 Cooline time in secs. 25

J Diameter (m) 5xl0a 5xl0a 5x104

4 Lensth (m) 0l 0.1 0.5 0.5

5 Displacement (m) 0.004 0.004 0.02 0.02

6 Force fN) 30 30 210

No. of wires I I I

8 Inout oower densitv (WatVm2) 4.364x106

9 Vollase-V (Volts) t" ' 0.6l l 0.611 3.055 3.055

This leads to

I Input power (Watt) - VxI 0.08554 4.277 30

2 Current - I (Amps) 1.4 1.4 98
Note: Figs. 4,5 and 6 have been plotted for L:100 mm for convenience and other figs are plotted for L=260mm



Table-2 : Heat Input and Workdone for Different SMA Elements

ng Deflection

sl D (ml V (voltr) I lamol R(ohml Pllrntu 6(mml ( socl w.D o nl%l Po(wattl wqill Ponlrt

N. Lrl00mm On otr N-m Joule! urNtt N

1 0.13 x10' 0.075 o.01 1S.5 0 0.508 22,(10'

2 o.13 x10 1.796 03 15.567 1.401 11 3 3 0 021 4.203 0.518 o.oo72 32.87

3 0.13 x10- 2.03 0.4 13.2 2.112 11.7 3 3 0.023 6.336 0.364 o.oo77 34.325

1 0.13 x10 2.638 0.5 13.72 343 12.1 3 3 0.024 o.232 0.0079 35.,{88

1 0.3x10- 0.018 0.01 5 0 118x10''

2 0.3x10 1.0384615 o7 3.86 1.89 12 A 6 011 117 0.98 0.018 15.254

3 0.3x10-- 1.3076923 1 34 34 10 6 6 0.09 20.4 o44 0 015 12.711

1 0.3x10" 1.4615385 1.1 3.45 418 11 6 6 o.102 25.04 04 0.017 14.4ftt

I 0.5x10' 0.008 001 21 0 338x10'

2 0.5x10'" 0.611 11 1.135 2.2248 9 I I 0.2646 20.021 1.32'15 0.0294 8.6982

3 0.5x10- 0.678 17 1.037 ? 1't -8 9 I 0.3,169 27 1.28/,8 0.0385 1 1.39

I 0.5x10 0.792 2 't.03 412 12 9 I 0.3528 37.08 0.9514 0.0392 1.5976

1 1.2x10" 0.005 0.01 13 n 191ft10'

2 1.2x14 0.396 5 0 206 515 653 20 60 1.107 103 1.O74 0.055 2.8796

3 1.2x10" 0 415 55 0.196 594 83 20 60 1.406 118.8 1.183 0.0703 3.6806

1 1.2x10" o.4u 6 0.188 6.768 951 20 60 1.6'13 '135.36 1.191 0.08(b 4.22
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on the load and on the number of cycles. However, for

our experiments a constant load has been chosen in the

results reported here and as mentioned earlier all the

graphs have been plotted only for the cases of approxi-
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mately 4%o strain at a constant stress of 150 MPa for a wire

length of 0.260m. Fig.3 shows the locus of SMA actuators

in relation to other actuators and also the results of our

experiments.

Table-3 : Heat Input and Workdone for Different SMA Elements
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In Fig.4 and 5, the variations of heating time, cooling
time, force and voltage Vs. area of cross-section of the

wire is shown. It can be seen that assuming a more or less

linear relationship between the heating / cooling curyes
with respect to diameters, the heating curve is changing at
a far lesser rate than the cooling curve. This indicates that

cooling becomes a concern as the diameter of wire in-
creases. The cooling is absolutely essential for the SMA
to re-transform back to the martensite condition com-
pletely, so that it is ready for the next actuation. Without
adequate cooling the expected strains will notbe obtained.

The decrease of voltage and input power density with
area ofcross section clearly indicates the relatively lower
requirement of power at high diameters although it is at

the cost of response time as shown in Fig.5 and 6. The

efficiency increases till about 0.5mm dia. from 0. l3mm
and beyond 0.5mm diameter it decreases gradually as can

be seen in Fig.6.

From the second set of experiments it is clear from the

Fig.8 that the input power is higher for smaller time as the

current is increased with decrease in time of heating for
the same deflection. However, the heat input (Joule heat-

ing) remains more or less a constant for most cases, even

though the time is decreasing as the current is increased in
a certain range such that the deflection is a constant at 47o

strain. This shows that for most cases there is a current-

time equivalence for the joule heating in a certain range.

A decrease in time is equivalent to an increase in current.

In other words, the same amourt of heat can be supplied

to the SMA element for two different combinations of
curent and time values and identical amounts of deflec-
tion can be obtained under the constant loads.

In Fig.7 for the second set of experiments the ratio of
power developed to weight of the wire decreases as the

diameter of the wire goes up. From Fig.9 for the second

set of experiments it is seen that the power devel-

oped/weight of actuator decreases as the time increases for
the same diameter. The ratio of power developed/weight
of actuator is higher for smaller diameters. This again

proves the point that SMA actuators are good for micro-
actuation involving short times. In Fig.l0 the results of
power output versus time is plotted. It is also seen here that

the power output decreases as the time increases for the

same diameter.

VOL.55, No.4
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Typical Calculations for Computing Number and
Length of SMA Elements for the following

Requirement

Force

Displacement

Total cycle time

Heating time

Cooling time

200 N (20kg. approx)

0.02 m

35 sec

l0 sec

25 sec f
t

I

1

I
I
I

r"*-o.l - -*jry -t ----{
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I l0 100 1000 10000

wT. oF wtRE x 1O' (N)

Fig.7 Power output/weight Vs weight of wire
(From Table 3)

oa4arlo12lalt182022
Time ln Sec

Fig. 8 Input power and heat (Joules) Vs time

kgend:
Curves al - a4 represent heat energy

Curves bl - b4 represent inputpower
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Fig. I0 Power outPut Vs time

From the Rig. 4, the heating time for a SMA wire of
diameter 5 x l0-4 m (d:0.5mm) is 9 sec. which is almost

nearer to l0 sec., therefore select 0.5mm dia wire. It is
also seen in Fig.4 that a cooling time of 25 sec. is sufficient

for the diameter of 0.5mm wire. Fig.5 gives the force and

voltage values and Fig.6 gives the input power density. All
the data from Figs. 4,5 and 6 for computing the number

and length of SMA elements is shown in Table-I.

Total energy (Joule heatin g) for 7 wires : I2R(or Vx

I) x No. of wires x t, where t is the time of heating.

To summarize ? wires of 500 mm length and 0.5

diameter will be necessary to generate a force of 200 N,

displacement of 0.02 m involving heat and cool times of
l0 and 25 seconds respectively. The voltage required will
be about 3 volts and the current about 9.8 amps and the

power requirement is 30 Watts.

However, when SMA actuators are used against a bias

spring, which is the case in many practical situations the

strain is generally limited to about 2 -2.5%. For instance,

when the design strain is 2Yo fot the same force of 200 N

if one were to use the same power of 30 Watts and the

same number of identical diameter and length wires then

the displacement is only lOmm' In designing powering

devices for SMA elements, several factors have to be taken

into account. For instance, ifone considers the actuating

current of 1.4 amps for the 0.5 mm diameter wire, this

current is for a specific composition of Ni Ti base alloy

and changes in some range depending on the chemical

composition. Further the increase in stress (the constant

load for the set of experiments described) increases the

temperature required to bring about the martensite to

austenite transformation. The rate of increase of stress

with temperature is in the range to 6-8 MPa / oC 
[8] for Ni

Ti based alloys. Also, the length of the SMA element is

directly proportional to the voltage requirement. There-
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fore, the design of the powering device must take into
account all these factors, so that variations in the electrical
properlies due to the above factors are taken care ofwhile
energiAng the SMA element.

Conclusions

l. The inter-relationships between the mechanical
properties and the related electrical properties have
been clearly brought out for different conditions.

2. There is a current-time equivalence for the joule
heating for a certain range ofcurrent.

3. This procedure significantly simplifies the design of
SMA actuators under constant load. Typical design
calculations have also been shown.

4. With the data and the graphs generated it is possible

to calculate the diameter, number of SMA elements
and the power and energy requirements for a given
application.
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