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Abstract: The paper presents the design procedure and elaborated software for designing
calculation of the shape memory alloy (SMA) actuator. The thermo-mechanical behavior
of a linear SMA actuator has been studied. The experimental set-up was especially de-
signed to perform the thermo-mechanical characterization of SMA wires. The stroke (s)
— temperature (T) hysteresis characteristics have been determined. The cycle of heating
and cooling has been performed under a constant load. The model for the SMA actuator
s — T behavior has been proposed and successfully implemented. The selected results and
conclusions have been presented. The concept proposal of the linear actuator using the
SMA wire has been given.
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1. Introduction

The shape memory alloys (SMAs) are functional materials, which can be applied in many
applications like the linear actuators due to their large strain recovery, high stiffness and
strength [1-5]. The SMA materials have the ability to change their shape depending on the
transformation temperatures. In this type of material two crystalline structures can be distin-
guished: (a) martensite (M) which is thermodynamically stable at a lower temperature and (b)
austenite (A), which is the parent phase stable at a higher temperature. The SMA materials in
the martensite phase have the crystal structure with a simple symmetry, such as tetragonal,
rhombohedral, orthorhombic, monoclinic or triclinic depending on the composition of the
alloy, whereas in the austenite phase they are more symmetrical, usually based on a cubic lat-
tice [1, 2]. SMAs are characterized by four temperatures, i.e. the start and finish transforma-
tion temperatures: Ms, My, (martensite start and finish) and As, A (austenite start and finish).
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The behavior of SMA materials (e.g. nickel-titanium metallic alloys, so called Nitinol) is
shown in Fig. 1. SMAs have two unique properties: Shape memory effect (SME) and super-
elasticity (SE) [1, 6, 7]. The SME refers to the phenomenon that SMAs return back to their
predetermined shapes upon heating. The SE also known as pseudoelasticity refers to the phe-
nomenon that SMAs can undergo a large amount of inelastic deformations and recover their
shapes after unloading [1, 3]. These unique properties are the result of reversible phase trans-
formations of SMAs. The SME is easily found at the martensite phase, which mostly appears
at a low temperature. Conversely, the SE is easily detected at the austenite phase, which is
stable at a high temperature [1, 3, 7]. When SMAs in martensite are subject to external stress,
they deform through a so-called detwining mechanism, which transforms different martensite
variations to the particular one variation that can accommodate the maximum elongation. Due
to its parallelogram structure, the martensite phase is weak and can be easily deformed. On the
other hand, the austenite phase has only one possible orientation and shows relatively strong
resistance to external stress [1, 3, 7].
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Fig. 1. The behavior of superelasticity and the shape memory effect in the SMA materials
according to the phase transformation

The paper deals with the thermo-mechanical behavior of the linear SMA actuator. Nitinol
(Ni-Ti) is the material used for the studied SMA wire. The goals of the paper are the discus-
sion of the thermo-mechanical properties of Nitinol material and the proposal of a concept of
the linear actuator using the Nitinol wire. The SMA wire is the most commonly applied form
for these actuators because of its ease of use and convenient electrical activation.

2. The linear SMA actuator

The design strategy for an actuator based on shape memory wire is to clearly define the
appropriate requirements [1, 6, 7]. The SMA wire actuator has the following design para-
meters: wire diameter, high and low temperature length, low temperature stress and reset force
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(high and low temperatures denoted the temperature at an austenite phase and martensite
phase, respectively). The wire diameter can be calculated by the following formula:

d=_|— [mm], @)

oy,

where: F is the required force in [N], and on is the maximum design stress at a high tempe-
rature, in [MPa].
The high temperature length can be obtained from:

_ S(1+ Sh)

Ly, [mm]. 2

€| —&p

In the above formula, s is the stroke in [mm]. Stroke is the difference between the length
for the low and high operating temperatures. g is the low temperature strain, and e is the high
temperature strain. The high temperature strain described as the ratio of on to the value of
Young’s modulus of material at a high temperature (Ex), in [MPa].

en = E—: [1. ©)

The low temperature length is given by the formula:
L, = Ly +s[mm]. 4)
The low temperature stress is defined as the product of ¢ and E; where E; is the value of
Young’s modulus for the material at a low temperature, in [MPa]
o) =¢| -E [MPa]. (5)
The reset force can be calculated as follows:

. 2
4% ). (®)

Fr=6|' 4

On the basis of the presented algorithm the own software was developed in Microsoft
Visual Studio C# for Windows. The screenshot of the calculator form is shown in Fig. 2.

The user of software can enter the initial data, such as for example stroke and required
force. The results of calculation are presented in the group box — Calculations. The software
user can find the calculated values of the main properties of shape memory alloy wire
actuator, e.g. wire diameter, high and low temperature length.

3. Thermo-mechanical behavior of SMA wire

3.1. Experimental setup

The application of SMA wire as an active element of an actuator is only possible when the
thermo-mechanical characterization under various operating conditions are known. Therefore,
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the authors elaborated on the special experimental setup for the investigation of the SMA wire
properties. The view and schematic block diagram of the elaborated experimental setup have
been shown in Fig. 3. The changes of the wire length have been measured by the Potentio-
metric Linear Transducer (PLT) displacement sensor, which has been placed in series to the
SMA wire.
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File  Program
Parameters Calculations
Low e High €
] 1 1 \ %
Maximum design stress at high temeprature [MPa] -144.7 i
Low temperature strain [%] L Low [mm] >T, I L High fmm]
Low Young’s modulus [MPa] %
5 AL
High Young’s modulus [MPa] SMA Wire
- @
LOAD Wire diameter [mm]
Low temperature stress [MPa]
Calculate
e force

Fig. 2. The screenshot of calculator form

The power supply QPX600DP (80 V, 50 A) was chosen to the linear SMA actuator, which
allows for stabilization of the value of current (1) as well as voltage (U). The Joule-heating of
the wire and its subsequent contraction are produced by a current that flows through the wire.
Both values of U and | are measurable in real-time. Three thermocouples (K-type) have been
used for the measurement of the wire temperature.

(b)
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Fig. 3. The experimental setup: a) view, b) block diagram
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3.2. Heat transfer model of transformation temperature

The SMA wire temperature can be estimated from the unidirectional heat transfer equation
for electrical heating and free convection [7-9]. The SMA heat transfer model has been for-
mulated to describe the rate of temperature change due to a change in voltage of the wire and
the convective heat loss to the environment. This model can be defined by the first-order dy-
namic equation by

2
mwcp%:%_hcAw(r_Ta)! )
where: U is the voltage, R is the SMA wire resistance per unit length, c, is the specific heat,
my, is the SMA wire mass per unit length, Ay is the circumferential area of the SMA wire, T, is
the ambient temperature, T is the SMA wire temperature, h. is the heat convection coefficient.
The coefficient h; is approximated by a second order polynomial of the temperature to
improve the heat transfer model, 4, = 4, + 5,77 [9].

The heat transfer expression (7) assumes that the problem is one-dimensional, the load ap-
plied to the wire is constant, the radiation effects are negligible compared with convection effects
of heat transfer, volume and area changes are negligible, the ambient temperature is constant.

The SMA materials are very attractive as thermo-mechanical actuators for applications in
robotics [1, 3, 6]. The modeling, design, and optimization of an SMA actuator, is strongly de-
pendent on the knowledge of hysteresis that can mathematically describe the stroke-tempe-
rature characteristics. Hysteresis modeling has been studied extensively in the literature [7,
10-12]. In this paper, a model adapted from the limiting loop proximity hysteresis has been
used. The limiting loop proximity hysteresis model was originally developed for magnetic
hysteresis [11]. The stroke — temperature hysteresis can be obtained from:

s(T) :Hh{awctan(ﬁ(SHZW+TC —TDJrTzc] (8)
T

where: s(T) is the stroke, Hy is the hysteresis height, Hy is the hysteresis width, B is related
with de/dT at T, Tc is the critical temperature at the center of the hysteresis curve, & is operator
defined as 1 or —1.

The model is simulated in MATLAB/Simulink environment. The block diagram of heat
transfer and stroke — temperature hysteresis model have been shown in the Fig. 4. The ela-
borated model has been divided in two subsystems representing the heat transfer model and
hysteresis model. The first subsystem has been described by Equation (7) whereas the second
one by Equation (8). The hysteresis model has been expressed in the form of an algebraic
equation which is computationally simple to implement. The parameters of this model have
been determined experimentally from experimental data with regard to s — T loops.

The elaborated model allows for taking into account the several different ways of voltage
supply of SMA actuator, e.g. DC voltage, linearly increase voltage or the voltage waveform
created by the user. The model has the potential to be applied for control purposes in active
structures.
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3.3. Selected results

In order to obtain the thermo-mechanical properties and parameters of an SMA wire, an
experimental setup has been carried out. The SMA wire of ‘Flexinol LT’ type has been con-
sidered, for which the diameter was 0.25 mm and the length was 140 mm. The thermal pro-
perties of NiTi, directly extracted from the manufacturer’s data sheets [13]. The rest of the
parameters needed for simulation can either be calculated or easily measured through simple
experiments.

The temperature of the SMA wire has been experimentally measured and evaluated with
computed temperature by a heat transfer model using Equation (7). The SMA wire has been
heated by a rapidly increasing current (see Fig. 5a). The waveforms of temperature and stroke
of the SMA wire registered during the heating and cooling cycle have been given in Fig. 5b.
The SMA wire has been heated by a slowly increasing current. In the cooling cycle the current
has been slowly decreased under natural air convection.
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Fig. 5. (2) The measured and calculated temperature of the SMA wire, (b) the temperature and stroke
of the SMA wire registered during the heating and cooling cycle
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Fig. 6 shows the stroke versus temperature hysteresis loops. The SMA wire elongation and
shortening are induced both mechanically and thermally. The experiments are carried out at
different loads to investigate its behavior. The stroke — temperature hysteresis loops shown in
Fig. 6 have been also calculated using Equation (8) and the s — T hysteresis model (see Fig. 4).
The parameters of this model were determined experimentally on the basis of the measured

data. The obtained results can be considered satisfactory.
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Fig. 6. Stroke — temperature hysteresis at applied load: (a) Q = 0.1 kg and (b) Q = 0.2 kg

It can be observed that by increasing the applied load the width of the hysteresis loop has
been changed. This behavior is typical of the SMA’s and corresponds to an increase of trans-

formation temperatures as a function of the mechanical loading.

4. The prototype of the linear SMA actuator

There are a few different configurations of the SMA wire (see, Fig. 7). If it is loaded by
aspring or weight, then the strain is small (3-4%) but when the SMA actuator is equipped
with a biasing spring, the deformation is higher (see, Fig. 7). Because of the highest dis-

placement, the solution with a biasing spring has been chosen.
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Fig. 7. The typical configurations of the SMA wire
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The required force and current value for a constant load have been analyzed and the most
efficient wire diameter has been calculated using the elaborated software (see, Fig. 2). Finally,
the prototype of the SMA Wire Linear Actuator has been fabricated as per the design concept.

The designed linear SMA actuator with the control circuit has been shown in Fig. 8. The
power source had variable current settings, allowing the SMA wire to be activated using the
direct current of a constant magnitude. The direct current was turned on and off using an
Arduino microprocessor and a transistor. The transistor’s base was initially turned to high,
allowing the direct current to activate a martensite-austenite transformation in an SMA
actuator. Taking the data from the temperature sensor, the microprocessor determined when
the transformation was complete, upon which the microprocessor turned the transistor to low,
allowing the SMA wire to cool back to its martensite form.

onsor —l0scyloscope|
Sensor scyloscope

SMA Measurement
Actuator‘ System

Temperature
Sensor

2 Control Circuit |

Fig. 8. The SMA actuator setup: a) view; b) block diagram

Preliminary tests of the linear SMA actuator have been performed in order to prove its
functionality. Selected field distributions obtained from the thermal camera have been shown
in Fig. 9. The thermal camera Flir Exx has been used. It has a resolution of 240x180 pixels
and can record pictures up to 60 Hz.

The designed linear SMA actuator can be applied as a thermal circuit breaker or as a main
part of SMA actuated self-locking devices. The SMA actuator can be activated in two ways:
by electrical or thermal activation.

5. Summary

The results of the investigation of the thermos-mechanical behavior of the SMA actuator
have been presented and discussed. The experimental setup has especially been designed to
perform direct electrical heating and cooling of the SMA wire by the Joule effect. This appa-
ratus has allowed measurements of displacement as a function of the temperature of samples
loaded by constant load. A mathematical model has been developed. The model allows for the
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determination of the heating and cooling curve of shape memory material, and the mapping of
many characteristics as a function of temperature. The elaborated model has the potential to be
applied for control purposes in smart structures.

punkt 44,5 °C

punkt 24,3 °C

) (b)

Fig. 9. Test of the linear SMA actuator using a thermal camera: (a) photo of the designed SMA
actuator; (b) martensite-austenite transformation in the SMA actuator

In order to make use of the SMA wire as a linear actuator, different parameters and their
relationships were investigated. The desired parameters of the linear actuator have been
calculated using in-house software.

This study will be useful in precise controlling of an SMA wire actuator with and without
external sensor feedback. The control system of the thermal switch with an SMA wire will be
elaborated in the future work.
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