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ABSTRACT
Shape Memory Alloys (SMA) are a new class of smart materials which possess
unique abilities that cause them to be able to return to their original shape and size
when their temperature is raised, after being plastically deformed. Additionally, shape
memory alloys retain relatively large strains. This paper presents the novel design of a
SMA actuator to be used as a replacement joint actuator for a commercial robotic arm.
Various examples of previously designed SMA based actuators are reviewed.
Furthermore, a comparison between SMAs and conventional actuators; and another
among various types of SMAs are introduced. Two problems are addressed, the first of
which is how to attain a large displacement while not compromising the actuator’s
compactness. Furthermore, since the SMA wire has a large cooling time, a facilitating
cooling mechanism was added to the design in order to reduce the actuation time. The
behaviour of the SMA actuator wire was simulated utilising the Hammerstein-Wiener
model for the contraction phase, and curve fitting for the elongation phase. The
developed SMA robotic joint actuator provided the same displacement while consuming
79% less power.
1. INTRODUCTION
Technological development has managed to significantly miniaturise control
systems and sensors. On the other hand, actuators which are responsible for driving
the motion of robotic devices have not gone through similar development. A main
function of an actuator is power delivery, usually at the expense of a greater size, thus
the need for actuators smaller in size, considerably compact, and preferably lightweight.
Recently came the development of Shape Memory Alloys which can be utilised in
actuation purposes, despite their small size, are able to deliver a considerable amount
of power (Caballero et al., 2015). Shape Memory Alloys (SMAs) are intermetallic alloys
which exhibit a phenomenon called Shape Memory Effect (SME). Through such
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phenomena, previously deformed SMAs are able to recover their original shape and
size when heated above their transformation temperature, after they have been
deformed. Such an effect is due to phase transition between the martensite phase
present at low temperature and the austenite phase present at the high temperature
(Callister and Rethwisch, 2014). Such, SME can be repeated millions of times, given
that the deformation is within the recovery range of the SMA. A SMA element is
deployed in a SMA actuator where it acts as a transducer: as thermal energy is
converted to mechanical work. The SMA is heated utilising the Joule effect, through
means of an electric circuit that supplies electric current to the SMA element, two
energy conversion processes take place. Firstly, electric energy is converted to thermal
energy by means of the Joule effect, as an electric current passes through a conductor
it releases heat which is directly proportional to the square of the current flowing
.
The rise in temperature of the SMA element, as a result of the thermal energy, triggers
SME and a recovery energy is released in the form of mechanical work (Caballero et al
2015).
Compared to other conventional actuators either electric, hydraulic or pneumatic,
SMAs have advantages in robotic applications: their inherent small weight and size
allow for them to have reduced weight, size and complexity when deployed as robotic
actuators. They have high force-to-weight. For example, a small wire having a diameter
in the range of hundreds of micrometres can exert a force of tens of Newtons (Dynalloy
2017). SMA’s SME in tensile deformation has a similar action as that of a human
muscle, since muscles operate by expansion and contraction of length accompanied by
reduction and increase in the cross section area respectively. They exhibit no
vibration or friction thus no audial noise during SME, making them quiet in operation
(Andrianesis and Tzes, 2015; Doroftei and Stirbu, 2014).
Nonetheless various limiting aspects exist when speaking of SMA actuators: low
actuation bandwidth, nonlinear operation and low power efficiency. SMA actuation
speed is highly dependent on the cooling rate of the wire which leads to low actuation
bandwidth. Furthermore, during Joule heating of SMAs, their contraction is highly nonlinear due to large temperature hysteresis, thus SMA actuators are challenging to
control (Caballero et al., 2015; Doroftei and Stirbu, 2014). Additionally, as a large
fraction of the power supplied is lost by convection as heat hence, low power efficiency.
SMA wires that are utilised to operate in a linear manner, either stretching or
contracting, have a limiting feature of low achievable strains. Potentially, they have
achievable strain up to 8% but that value is reduced down to 2% to 5% as to prolong
their lifetime (Caballero et al., 2015; Doroftei and Stirbu 2014). Thus comes the need of
a long wire in length as to achieve high displacement. Utilising a long straight wire will
lead to an increase of the size of the actuator, a feature not desirable in many
applications. The problem can be solved using SMA springs capable of achieving great
linear displacements, but they have a disadvantage of exerting a lower force than that
of a straight wire (Caballero et al., 2015).
A common way to solve the
abovementioned shortcoming is to use a set of pulleys, where the wire is wound around
them. Such application will lead to a decrease in the size of the actuator but also the
longer the wire is, the more pulleys are needed; increasing weight, complexity and

frictional losses (Caballero et al., 2015). Innovative designs have to be implemented as
to amplify small strain to large displacements.
2. COMPARATIVE STUDY OF SHAPE MEMORY ALLOYS
SMAs are intermetallic compounds with very exceptional properties which are
attributed to solid-solid phase transformation phenomenon. Among their distinctive
properties:
 Superelasticity
 Shape Memory Effect (SME)
 High damping capacity
 High power to weight ratio
The superelastic phenomenon occurs where up to 8% of reversible strains can be
achieved of the initial length, a rather large figure when compared to 0.2% of normal
metallic materials (Van Humbeeck, 2008). As the material is heated above its
transformation temperature, the microstructure will revert to the original parent phase
orientation, thus the term ―SME‖ as shown in Figure 1.

Fig. 1 Shape memory effect illustration (Callister and Rethwisch, 2014)
SME is defined as the ability of a material to retain its original shape when heated
to its high temperature phase, usually austenite or called parent phase, as the material
was initially deformed at its low temperature phase, usually martensite. SME is a

macroscopic effect due to crystallographic changes which are thermally induced. As the
material is deformed at constant temperature, initially at martensite, and then unloaded,
the deformation seems to be plastic. As the material is heated, it retains its original form
and the austenitic phase transformation occurs. When left to cool, no macroscopic
changes take place but martensitic phase transformation takes place (Bellouard, 2008).
The temperature induced phase transformation is characterised by four values;
Austenite start temperature ( ), Austenite finish temperature ( ), Martensite start
temperature ( ) and Martensite finish temperature ( ).
and
are present
during heating and designate the starting and finishing points at which reverse phase
transformation takes place, martensite to austenite .
and
also indicate the
starting and ending points during cooling process where martensitic phase
transformation takes place. Figure 2 shows hysteresis that occur in a typical SMA
during heating and cooling of order of
to
. In order to determine which SMA
would serve the purpose of this research best, a small study is presented as a
comparison between different SMAs.

Fig. 2 Volume percent transformation as a function of temperature (Van Humb eeck , 2008)

2.1 Fe-based alloys
The first class of SMAs studied are Iron based alloys. They exhibit a complete or
nearly complete SME due to martensitic phase transformation. Though they exhibit
SME but they also have a major shortcoming, as they are prone to disturbance. Any
factor to interfere with reversibility motion of the dislocations will result in an incomplete
recovery thus poor SME. They yield 3% SME and a 100 MPa of recovery stress on
average (Van Humbeeck, 2008). Examples of Iron based SMAs include: Iron-Platinum
(Fe-Pt), Iron-Nickel-Carbon (Fe-Ni-C), Iron-Palladium (Fe-Pd) and Iron-ManganeseSilicone (Fe-Mn-Si).

2.2 Cu-based alloys
Copper based alloys come mainly from Copper-Aluminium (Cu-Al) and CopperZinc (Cu-Zn) binary systems, where they both exhibit martensitic transformation. Once
considered as potential SMAs, they have been implemented with limited success so far.
Problems are poor corrosion resistance, time and temperature stabilisation of
martensite, limited ductility due to large grain size and crystal anisotropy and
underperformance of functional properties compared to Nickel Titanium alloys (Van
Humbeeck, 2008). Examples of copper based SMAs include: Copper-Aluminium-Nickel
(Cu-Al-Ni), Copper-Zinc-Aluminium (Cu-Zn-Al) and Copper-Aluminium-Beryllium (CuAl-Be).
2.3 Ni-Ti alloys
Nickel Titanium alloys by far showed the greatest success and dominate almost
the whole SMA market. Composing of
and other near equiatomic structures,
within 48% and 50% of Ni. Their transformation temperature can be engineered by the
manufacturer to occur between
and
according to the desired application.
They exhibit best memory shape behaviour of all SMAs, with 8% superelastic reversible
strain at a temperature above
, and a recovery stress of about 800 MPa (Van
Humbeeck, 2008).
2.4 Ternary Ni-Ti alloys
Adding a third element to Ni-Ti binary system uncovers potential opportunities, as
to engineer the binary alloy towards specific desired characteristics. The third element
will have a varying effect on ductility, transformation temperature, strength and
hysteresis (Andrianesis and Tzes, 2015):
 To decrease hysteresis, Copper (Cu) is added; to increase hysteresis, Niobium
(Nb) is added. Decreasing the hysteresis can lead to decreasing the
complication of SMA control.
 Iron (Fe), Cobalt (Co), Chromium (Cr) and Aluminium (Al) are added to lower the
transformation temperature. Thus less effort is required to trigger SME.
 Palladium (Pd), Zirconium (Zr), Hafnium (Hf), Gold (Au) and Platinum (Pt) are
added to raise the transformation temperature. Accompanied to which, the
cooling time decreases. This will lead to higher actuation speeds.
 Carbon (C), Oxygen (O), Tungsten (W) and Molybdenum (Mo) are added to
strengthen the matrix. The result of adding these elements to the binary NiTi
alloys is that the SMA is able to withstand higher tension force under a bias load.
2.5 High temperature shape memory alloys
High temperature SMAs have showed great demand in the market (Van
Humbeeck, 2008), as SMAs are limited to a maximum
of
and the need for a
SMA that that could transform at higher temperature has increased rapidly. Applications
of interest include safety devices, oil industry and actuators in automobile industry and
robotics. As SMAs with high transformation temperatures exhibit faster cooling
therefore increasing bandwidth of the operating robot. Although many alloy systems
exhibit high transformation temperatures, no major breakthrough was discovered yet
nor was a real-large scale application developed. Problems are martensite stabilisation,

brittleness due to presence of high elastic anisotropy or brittle phases or precipitates,
parent phase decomposition and much lower performance than NiTi alloys (Van
Humbeeck, 2008). Examples of high temperature SMAs include: Copper-Zirconium
(Cu-Zr), Nickel-Titanium-Hafnium (Ni-Ti-Hf), Nickel-Titanium- Zirconium (Ni-Ti-Zr) and
Copper-Aluminium-Nickel (Cu-Al-Ni).
2.6 Magnetic shape memory alloys
Magnetic Shape Memory Alloys (MSMAs) are a new class of adaptive materials
which exhibit change in shape when subjected to a moderate magnetic field. An
advantage of MSMAs over conventional SMAs is that they can produce up to 10%
strain at a frequency above 100 Hz, while SMAs exhibit small actuation frequency due
to the effect of the slow cooling process, (Aaltio et al., 2008; Van Humbeeck, 2008). In
order to trigger Shape Memory Effect (SME) through a magnetic field, the shape
memory alloys must retain a magnetic ordering, e.g., antiferromagnetic or
ferri/ferromagnetic. MSMAs include Fe-Pd, Co-Ni-Al alloys and
while the most
commonly used are 10M Ni-Mn-Ga alloys. MSMAs can be utilised for vibration damping,
power generation, sensor, and actuation applications. Among the advantages of
MSMAs: short time response, high relative strains, high relative stroke, proportional
controllability and no need for wiring or cable connection to transmit current as in the
case of conventional SMAs (Aaltio et al., 2008). Their main disadvantage is the limited
maximum operating temperature which is determined by the magnetic and s tructural
characteristics of the material. However, they exhibit large Magnetic Field Induced
Strain (MFIS) despite lower work output volume ratio same as classical SMAs (Van
Humbeeck, 2008). Additionally, a low force output relatively is among their
characteristics. Furthermore, MSMAs exhibit hysteresis similar to conventional SMAs
(Aaltio et al., 2008). The main disadvantage relating to the subject of this study is that in
order to activate the SME of MSMAs a magnetic field is needed which is not such a
practical method as the magnetic field might cause disturbance to the electronic circuits
of the robotic arm.
3. SHAPE MEMORY ALLOY ACTUATION TECHNIQUES
In order to obtain the required SME, two techniques are presented: intrinsic and
extrinsic biasing methods as shown in Figure 3. Intrinsic methods are fundamentally
manipulating the material’s microstructure in order that certai n martensitic variants,
various martensite phases with different orientations, will gain preferable nucleation
upon cooling. Extrinsic methods require the addition of an exterior peripheral
component to the SMA material when coupled to it. This would provide the necessary
stress to produce stress-oriented variants. Such element could be a deadweight,
another SMA wire or a bias spring; as to provide the required force to trigger the
nucleation of the stress-induced variants. Intrinsic methods include: two-way shape
memory effect (oriented defects) and oriented precipitates. Two-way shape memory
effect (TWSME) where the material can remember two shapes upon cooling and
heating can be attained through various training techniques, (Bellouard, 2008). As for
the oriented precipitates, much like TWSME, the alloy is basically deformed under
cyclic loading through certain ambient conditions as to produce oriented precipitates.

Hence, the same outcome of TWSME can be obtained by producing oriented
precipitates in the material. For the purpose of this paper, extrinsic method was applied
with the weight of the gripper to be actuated as the biasing force. This was due the fact
as intrinsic methods were found to be inconvenient for the current application. The
types of SMA actuation techniques are summarized in figure 3 below.

SMA actuation design
methods

Extrinsic methods

Intrinsic methods

Two-way shape
Mechanical construction

memory effect

Oriented precipitates

biasing (push-pull design,
bias spring, deadweight
loading)

Fig. 3 SMA actuation techniques (Bellouard 2008).

4. ACTUATOR DESIGN
From a mechanical stand point, a mechanism compromised of an arrangement of
links with joints connecting them while also delivering force and motion from an input to
an output end effector is considered a robotic system (Mavroidis et al 1999). Thus
achieving the force source or input motion for the robotic system, can be done through
various actuator types. The most common, which are utilised by the majority of robotic
systems are the conventional actuators. When it comes to employing conventi onal
actuators as robotic joints numerous restrictions come forward. In hydraulic actuators
worries arise about contamination of the fluid and its containment inside the system.
Added to that the fact that the fluid is pressurized and flammable which creates a
potential hazard. Also lags are presented in the control of the system due to the change
of oil viscosity with temperature, and the presence of transmission lines (Mavroidis et al
1999). In pneumatic actuators they lack the presence of a self-lubricating actuator when
compared to hydraulic ones. This presents a problem of high friction force which leads
to a low force output. Also a noise problem is presented as the release valve when not
employed with a muffler produces loud noise (Mavroidis et al 1999). Lastly, electric

actuators present a major problem of producing an output of small torque relative to
their weight and size thus poor force to weight ratio (Mavroidis et al 1999). Also power
loss due to friction occurs when coupling the actuator with a power transmission system
such as gears or belts. Thus a novel design of an SMA actuator would deal with the
majority of issues faced when employing a conventional actuator for a robotic joint.
Various previous efforts to design SMA based robotic/joint actuators were studied
including the work done by Andrianesis and Tzes where they designed a low cost,
lightweight prosthetic hand utilising SMAs. They designed five actuation units, one for
each finger which are placed inside the chassis of the hand. Each actuation unit is
basically three PCB layers with the required embedded electronics, enclosing the SMA
wire. Two ideas were applied as to increase the linear displacement and force output.
The first was to fold the long wire on itself forming two para llel wires. The second was
to further fold the wire in a N-shaped behaviour, forming three parallel pathways; as to
decrease the space it will take inside the actuation unit (Andrianesis and Tzes 2015).
Doroftei and Stirbu tackled the problem of decreasing the size of mobile robots and
simplifying them as to bring them to the level of scalable manufacturing. This is done by
bringing a novel locomotion mechanism other than wheels, as they have limited
capabilities when it comes to overcoming obstacles with large heights. Hence, they
designed a walking micro hexapod where the legs would be actuated by SMA wires, as
legged mechanisms are more favourable as they possess higher mobility in uneven
terrain (Doroftei and Stirbu, 2014). Villoslada, Flores, Copaci, Blanco and Moreno, also
presented a design of a soft wearable robot for the rehabilitation of the wrist. The
required wire to flex the wrist
was found to be
long, such long wire
presented a problem. The solution they presented was to combine the idea of the
Bowden cable technique with that of the SMA wire. The main advantage of the actuator
was that it could bend while still being able to transmit power (Caballero et al., 2015).
Based on the abovementioned the SMA wire, commercially known as Flexinol,
was purchased from Dynalloy, Inc. The company provides an extensive variety of
products ranging mainly on the basis of the diameter of the wire and whether they are
one of two categories, Low Temperature ―LT‖ and High Temperature ―HT‖. LT wires are
the ones with the relatively lower activation temperature, set at
; while HT wires
have an activation temperature of
. SMA wires with the same diameter and higher
transformation temperature provide less cooling time compared to their LT counterpart.
Thus having an advantage over LT wires but also special material for the actuator will
be needed as to withstand such temperature. Also with the increase of the cross
section diameter of the wire:
 the heating pull-force increases leading to higher payloads;
 the cooling deformation force increases;
 cooling time increases leading to slower actuation speeds;
 electrical resistance per length decreases leading to less supply voltage needed
for the delivery of the required current.
As for the behaviour of the Flexinol, a temperature-strain relation is shown in
Figure 4 at a static load of 172 MPa, for both LT and HT wires; a graph which was

supplied by the manufacturer. The plot clearly shows the hysteresis characteristic
provided by the SMA. The first observable change in length starts to take place above
for the LT wire till it reaches its maximum potential at a temperature above
.
For the cooling curve, similar behaviour is shown at a lower line shifted below the
heating curve by approximately
. The HT wire shows a similar hysteresis curve as
the LT wire, only it is relatively shifted upwards by approximately
. Concerning the
wire’s diameter, a
wire was selected for the actuator design due to its pulling
force. It was found suitable for the required application load, as the member to be
actuated weighs
. The wire itself has a maximum pull force of
(Dynalloy, 2017). The selection of the LT wire over the HT was due to the fact that the
LT required lower activation temperature and thus no need for the comp lication of
selection of a heat-retardant material to be in contact with the wire.
Concerning the robotic arm, it consists of five links, one of which is the ground
base while another is the end effector carrying a two finger gripper. The arm has three
Degree of Freedom and its stationary base encloses the base motor of the arm as
shown in Figure 5. The motion of the fingers is controlled by a small 24 V DC motor
with a clutch to control the transmission of motion. Each joint connecting two members
has two parallel gears with a shaft joining them, the adjacent member is mounted on
the shaft with no clearance allowing no slippage of the member over the shaft. The
gears are connected together through toothed belts allowing relative motion of the
members over each other. The actuator is to be mounted on the second link as it offers
largest payload and a smooth outer surface for the actuator to be placed; which is not
the case for the third member because of the data cable passing over it. It would have
been the first choice as it provides the shortest distance to the gripper joint.

Fig. 4 HT and LT wires Dyanolly standards, temperature vs strain plot at 172 MPa. (Dynalloy, 2017)

It was concluded that the actuator should produce a minimum range of motion
from 0° to 30° of gripper joint rotation. Which corresponds to approximately
of

SMA length of required contraction; a result obtained from measurements and
calibration. Thus safely assuming that in order to preserve the life time of the wire a 3-5%
strain would be expected and a wire of a total length of
will be utilised to
produce a minimum theoretical strain of
. Such a long wire would need a special
design, as a
long actuator would be unpractical and unfeasible. Two options
are made available for such displacement, either to utilise a long wire and place it in a
winding arrangement around a set of pulleys. The other option is to utilise a smaller
length wire and place it in a levering mechanism that will lead to amplifying the wire’s
stroke. The former was considered as a better mechanism since a levering mechanism
would need a stationary operating base, which is not available in such application si nce
all of the links of the robotic arm exhibit rotational motion. Thus non-consistent strokes
would be presented with different angles of the member’s position which is chosen as
the actuator’s base, second member.

Fig. 5 Rob otic gripper required to b e actuated.

The second drawback of the levering mechanism is that amplifying a small
displacement by a certain ratio will lead to a decrease in the force exerted by the wire
by the same ratio, which is not favourable as the actuator would be later used to
actuate the third member which is much heavier than the robot arm end effector.
Utilising the
long wire, a more compact design would be presented with the
ability to contain it in a compact package. Pulleys were inserted to the design of the
actuator as the wire would be wrapped around them. The base for the actuator is
long,
wide and
thick. The base material chosen for the prototype
is plywood as it provides low density thus lightweight. As an initial design, three pulleys
are utilised in the design making the wire with a total of four branches. The pulley
design is mounted on radial ball bearings, the bearings are specified with a bore of
and an outer diameter of
, with plastic as the external material. The inside
of the pulleys was coated with a copper foil tape as to increase heat dissipation as
shown in Figure 6.

Fig. 6 First prototype of the actuator.

The material of the pulleys was preferred to be plastic as not to increase total
weight of the actuator. The pulleys have
outer diameter upon which, minimal
dimensions of the actuator were set as to hold the
length of each wire branch
and fix two pulleys next to each other. Each pulley is assembled to the wooden board
by means of a
threaded steel rod, two hex nuts and steel washers. The nuts
enclose the pulley form the top and the bottom and the washer is placed between the
bottom nut and the bottom side of the wood. Four threaded rods are placed at the four
corners of the wood panel, three to hold the pulleys and an extra one to mechanically
pin one end of the wire by means of a nut and a washer as shown in Figure 7. The free
end of the wire was crimped by using a circular electric crimp, for means of mechanical
fixation and electrical; as SMA wires cannot be soldered to anything as the extensive
heat would damage their crystal structure.

Fig. 7 SMA actuator showing the copper coating of the pulleys.

4.1 Power Circuitry
The main goal of those experiments is to power the SMA through a Pulse Width
Modulation (PWM) as it enables position control and raises the wire’s power efficiency,
enabling uniform heating of the wire without much heat losses through heat conviction.
Preliminary trials were done on a sample wire, multiple methods have been tried and
the following are the results. The first circuit was suggested by the technical data
specifications, the LM555 is a timer Integrated Circuit (IC), it is capable of generating
accurate oscillation and time delays. In the oscillation mode, duty cycle and frequency
are controlled by a capacitor and two external resistances. R1, R2 and C1 are the
controlling elements of the oscillation rate which is set to approximately 6 cycles per
minute as shown in Figure 8. R4 limits the current flowing through the SMA and thus
controls the heating rate of the wire. The LED is an indicator of the high level of the
oscillation as it lights up and is turned off at the low level. The circuit was connected to
the
wire and no contraction was presented, since it was later discovered that
the output which flows directly from pin 3 has a maximum current of
. Which
was not enough for the SMA to reach its transformation temperature.

Fig. 8 First trial to power the SMA with a LM555 timer IC (Dynalloy, 2017).

The Second trial was to subject the wire to PWM indirectly through a general
purpose NPN transistor 2N2222 as shown in Figure 9, as subjecting the wire directly to
the PWM generated from the chosen microcontroller would not affect the wire due to
insufficient current. Thus an external
power supply was connected to the collector
branch with SMA joining the node of the power supply, and a diode was placed on the

wire to prevent any back electromotive force. The PWM generated from the chosen
microcontroller flows through the base branch with a
resistance to limit the
current flowing to the base. With the high level of the PWM the transistor acts as a
closed switch, and at the low level the transistor acts as an open switch. Thus with the
close and open of the transistor, PWM flows through the SMA. Current was not
sufficient to heat the wire and no contraction phenomenon was present. The output
voltage is described in Equation 1, where D is the duty cycle.
(

)

,

(1)

Fig. 9 Second trial circuit with 2N2222 transistor.

The third trial was to subject the SMA to a greater voltage as to enable the wire to
draw a larger amount of current. Thus the third experiment was to try and amplify the
PWM from the microcontroller using a LM741 Op-Amp in a non-inverting amplifying
mode, as shown in Figure 10. The LM741 is a general purpose operational amplifier
that can be used to amplify a certain input signal by multiplying it with an exact gain, in
such a circuit the input and output are in phase and no phase shift occurs. The
magnitude of gain is controlled by the magnitude of the input and feedback resistors,
R1 and R2 where the output voltage equation is described in Equation 2.
(

(2)

),

Fig. 10 Third trial circuit with LM741 Op-Amp.

Hence (

) is the gain factor, both resistances were chosen to have the

same value as the ratio between them would equal to one and the gain factor would be
2. The
applied across the SMA lead to large current withdrawal from the Op -Amp
which is more than the IC can handle leading to overheating of the IC. The first three
trials lead to the conclusion that in order to power the SMA, large power would be
needed to be supplied, as all of them were overheated. A good electronic component
that can handle a large amount of current must be present. One that can at least
withstand
, as the SMA would need approximately
A (Dynalloy, 2017). Such
electronic component also must be able to amplify the PWM generated from the
microcontroller. An electronic component that can withstand a maximum current of
would be overheating when the circuit is operating, thus for safety a minimum
value of
was chosen. Therefore, a solution was presented using a Darlington
transistor. TIP122 is a medium power Darlington transistor that can withstand a
collector-emitter voltage up to
and a collector current up to
. Hence it was
found suitable for the switching application and has a good response to PWM.
Therefore, the second circuit discussed would be implemented again with the exception
that the 2N2222 would be replaced by a TIP122 NPN Darlington transistor. The PWM
being fed to the base of the transistor is coupled with a
resistance to limit the
current being fed. A
power supply would be present on the collector branch;
which will be later modified to
when using the full length SMA actuator.
5. EXPERIMENTATION
Following the design of the actuator, an experiment was due as to properly
assess the behaviour of the SMA wire as the gripper actuator. The controlled input
parameter is the PWM and the output is the displacement of the wire. SMAs exhibit
non-linear behaviour thus non-linear models will be utilised to best describe and predict
its behaviour. These models include: Preisach model of hysteresis, it was first used to
represent ferromagnetism and is now very successful for studying various hysteresis
phenomena (Ahn and Kha, 2006; Ahn and Kha, 2007). The Krasnosel’skii–Pokrovskii
model is used to study magnetic SMAs (Zakerzadeh et al., 2011). The Prandtl–Ishlinskii
model is also used to model SMAs and piezo elements (Fathi and Mozaffari, 2013).
The main disadvantage of the previous models is the large number of parameters they

require. Such parameters can only be identified experimentally utilising mechanisms of
optimization algorithms which greatly depend on the physical properties of the SMA
wire such as the applied bias force, diameter or its length (Caballero et al., 2015). The
Hammerstein-Wiener model is one popular non-linear system identification model and
was selected due to its simplicity and non-complex demand of parameters (Caballero et
al., 2015). Utilising such model, the non-linearity of the SMA can be decomposed into
three interconnected elements as shown in Figure 11, where the dynamics of the wire
are represented by a linear transfer function. The inputs and outputs are represented
by modelling them as static non-linear blocks of the dynamic linear system (Caballero
et al., 2015).

Fig. 11 Hammerstein-Weiner b lock diagram (MathWorks, 2017).

Hence the system modelling method was determined, with the help of Matlab’s
system identification toolbox, the Hammerstein-Wiener model can be computed. Next
comes the design of a test bench that will be able to acquire the sampling data
representing the actuator’s behaviour. The sensing element that was chosen to
measure displacement achieved was a
slider potentiometer with a length of
of linear distance. It provided good resolution of
that would
capture the least displacement exhibited by the actuator.
The free end of the wire with the electric crimp was assembled to the slider as
when the wire contracts, the slider gets pulled and the resistance of the potentiometer
changes along with it. Since the SMA is one way, a bias force will be need to restore
the wire to its original length. On its own the wire will elongate but not to a full
percentage. According to the chosen wire specifications a force of 7-10
will be
needed to stretch the wire (Dynalloy, 2017), thus a bias spring was attached on the
opposite side of the wire on slider to stretch the wire back to its original length as
shown in Figure 12. Data logging was carried through a data acquisition device. A
voltage of
was supplied to the slider potentiometer and an input reading was being
fed to the same device via an analogue input channel. The experiment was repeated
five times and an average was taken of the five times as to eliminate any random error.
The difference occurring in the elongation timing is due to different times at which the
current was cut off the SMA wire, and is left to cool off. The contraction curves show a
maximum standard deviation of
at
. The elongation curves show a
maximum standard deviation of
at
.

Fig. 12 SMA test b ench.

Through the five trials the SMA exhibited a max contraction of
. The
contraction of the wire takes approximately 7 seconds to reach the end of its rapid
contraction and takes 10 seconds to reach the end of its rapid elongation phase.
Furthermore, the contraction curves were gathered at a similar starting point as if all of
them were triggered at the same time and an average curve was presented. The same
was done on the elongation curves as to remove any source of random error. Following
the footsteps of Caballero, Copaci, Rojas, Peciña and Lorente; as when the SMA is left
to cool and elongate, no control signal is present (Caballero et al., 2015). Hence it
would result in inaccurate results to include the cooling phase in the non-linear
modelling. The contraction data was inserted to Matlab to compute its modelling and
the result is shown in Figure 13.
The curve shows fit of 99.1%. Two variables were declared in the HammersteinWiener model. The first being the output which records the actuator’s displacement as
a change in voltage. The second being the input signal which is the PWM set as
increasing gradually till reaching a constant value of 38%, as was done in the
experiment.

Fig. 13 SMA modelling result at the contraction phase. The b lack curve is the actual and the b lue is the simulated
result.

The percentage of the PWM corresponds to 1.05 A which corresponds to the
activation temperature of the SMA. Allowing such PWM percentage leads to the flow of
500mA which was found to be enough for the wire’s contraction. Furthermore, the
elongation phase has been modelled using the curve fitting toolbox present in Matlab
as shown in Figure 14 with Equation 3 representing the curve; Table 1 states the
equation’s parameters. Both Equation 3 and Table 1 are the result of Matlab’s
calculations.
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Fig. 14 Curve fitting modelling of the elongation phase of the SMA wire.

The final assembly of the actuator with the robot arm can be seen in Figure 15.
The free end of the wire was tied to a tensioned wire that would join the actuator with
the gripper. When the SMA wire is powered it would pull the gripper through the
medium wire joining them. The weight of the member would provide the biasing force to
stretch the SMA wire to its original length in the elongation phase affecting the
bandwidth of actuation. To solve the problem of the long time the wire takes to cool, an
external facilitating factor was added to help shorten such time. A cooling fan was fixed
beside the actuator as it would supply forced air to the wire facilitating its heat loss by
convection to the air. According to the manufacturer by applying forced air the speed of
actuation would be multiplied four times (Dynalloy, 2017). Both the actuator and the
cooling fan are fixed on the back of the second member as to steady them firmly during
the motion of the whole manipulator arm. To monitor the current going through the wire
a ACS712 current sensor module was added to the control system of the actuator that
can measure up to
of DC/AC current, giving a resolution of
/bit. The control
plan includes control of the SMA through a small rotary potentiometer where the
microcontroller would read its analogue value and convert it to a PWM signal. Through
the serial monitor, the current flowing would be monitored and according to which,
manual PWM fed to the SMA would be regulated. When it comes to electric power
consumption, the manufacturer supplied
DC motor which is responsible for the
actuation of the robotic arm, according to its technical specification (Pittman, 2017). it
withdraws approximately
at continuous torque giving a total of
of power
consumption. As for the SMA it consumes at max 1
at a voltage of
giving
a total power consumption of
which leads to the conclusion that the SMA uses
less power than the DC motor by 79.1% while achieving the same function at the same
duration.

Fig. 15 Final implementation and assemb ly of the SMA actuator.

Further experimentation was done on the robotic arm to test if the third member
would be actuated using the same actuator. First to reduce weight, the gripper with the
DC motor mounted on it were disassembled. The actuator was placed in the same
position linked to the third member by means of a long connecting wire. The member
had more torque applied to the connecting wire due to its long length and the fact that
the wire was joined at the end of the member. The torque produced great tension on
the SMA wire when the actuated member was placed in a downward position and could
not handle the great torque required to actuate the member. Thus a further step was
taken to decrease the torque by joining the connecting wire at the mid length of the
member and by placing the initial positon of the member to be semi horizontal positon.
When the SMA gets powered the arm moves upwards approximately 20° where the
wire is triggered in less than a second. If it is left to cool on its own the SMA takes
about 10 seconds to return to its original length. Compared to that, the forced air
through the cooling fan the wire takes less than 3 seconds to elongate fully. Noting that
the wire experiences full strain at
when measured by the current clamp, the
actuator is in full flexure mode. Increasing the current does not seem to have an effect
on the strain. The full circuit diagram can be seen in Figure 16, which proved to be
successful.

Fig. 16 Final Circuit Diagram.

Following the successful actuation of the robot’s members, development was
done as to further decrease the size of the actuator. The final form is based on a
wooden base with dimensions of
which is considered far
smaller in length and width relative to the first prototype. Instead of four threaded rods,
two would be utilised separated by
. Reducing the number of rods with the
length and width of the actuator would come at a small cost of increasing the number of
pulleys resulting in a small increase of the number of windings of the SMA wire. Instead
of four branches, six branches of SMA wire would be present giving a total length of
which is the same as the original in order to produce the same displacement,
the six branches would be winded around five pulleys instead of three. Since both the
designs share the same thickness, the volume and the area of the wood base was
successfully reduced by 57.3%. Hence, giving the opportunity of placing the actuator
inside the robot and could replace the toothed belts and gears of the robotic members
responsible for transmitting power for its actuation. The final actuator can be found in
Figure 17.

Fig. 17 Final form of the SMA actuator.

6. CONCLUSIONS
Actuation of the specified robotic joints proved to be successful by replacing the
already existing DC motor with a SMA actuator. The actuator provided less power
consumption when compared to the DC motor by 79%. Also with the absence of power
transmission technique represented by the toothed belts and gears, power loss due to
friction factor has no noticeable effect besides that of the small value due to the
presence of pulleys. Although reducing the size of the original prototype by 57% still did
not provide a competitive size compared to compactness of the DC motor, it provided a
lighter actuator. Additionally, the SMA actuator can be further reduced to be without a
wooden base and be placed inside robot’s members as pulleys and rods to be mounted
inside the arm, taking quite a small space and gaining the advantage over the DC
motor. The SMA provided no audial noise during contraction or elongation. The
bandwidth of the actuator is considered to be reasonable with a contraction occurring in
less than a second and an elongation taking less than 3 seconds; a value achieved by
applying forced air cooling. The main challenging aspect about SMA actuators is
providing a method of control due to their non-linearity and hysteresis during the
contraction and elongation. A model was successfully created to capture the behaviour
of the hysteresis of the SMA, this was done through Hammerstein-Weiner model with a
curve fit of 99%. Thus, SMAs are considered extremely beneficial materials when it
comes to actuation applications of robotic joints. Their distinctive properties place them
a head competitor with conventional actuators. Of the various types of SMAs for robotic
joint actuators, NiTi proved to be the best alloy.
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