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Abstract. Shape Memory Alloys (SMA) are considered intelligeaterials with the special capacity of recovary
plastic deformation during heating. Therefore, thleape recovery associated with plastic deformatidnthese
materials is intrinsically associated with the ajoption of a controlled temperature field. This peamemory
phenomenon is directly related to a solid stategghttansformation, which is responsible for a léttbanges in the
physical and mechanical properties of SMA. As asequnence, actuators based on the SMA technologyeing
increasingly studied due to its large number ofgilde engineering applications. On the other hafdificial Neural
Networks (ANN) are connectionist systems basecherbiblogical neuron and its synaptic connectioimselligent
systems resulting from the use of ANN can learn toointerpret given information, such as human teag, without
having to say what the system should do. In thisesethis work present the simulation of hystedetps of strain as
a function of electrical current in Ni-Ti SMA wictuators using ANN. For this, an experimental teshch was
designed and assembled for application of condzads (dead weights) in a single Ni-Ti SMA wireuatbr where
activation is controlled by passage of electricalrent. The LabVIEW® software was used to contnel tesistive
heating and cooling of the Ni-Ti SMA wire in addlitito store data of displacement and electricalrent. A
multilayer neural network is trained using the sadata generated from the test bench that are usedhin the SMA
actuator model. For this purpose, the neural netwmolbox of Matlab® software was utilized. Comparis between
experimental data and neural network outputs hdnows very good concordance.
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1. INTRODUCTION

The research area of Artificial Intelligence (A§ composed of several methods and systems thab tnyimic
specific portions of the human intelligent behaygirch as learning, parallel processing of inforomatassimilation of
patterns, among others (Ludwig Jr. and Costa, 208Tpng the various areas of study in Al, the Actél Neural
Networks (ANN) are considered connectionist systéased on the functioning of the human nervousesysANN
are based on the fundamental unit of biologicalrimiation processing (neuron) and its synaptic cotimes. Intelligent
systems resulting from the use of ANN can learimterpret given information, such as human learnwithout having
to say what the system should do.

In parallel, smart materials have been subjectuofigrous studies aiming applications in various sasfaveryday
human. These materials have the important propefityeacting to impulses from the external environtnby
application of electric and magnetic fields, tengbere variation, light, among others parameterghis context, the
Shape Memory Alloys (SMA) are considered smart ngltethat have the amazing ability to return tooaiginal form
existing before a plastic deformation introducetbat temperature. The shape recovery associatdddefiormation of
these materials is intrinsically related with tipgplication of a temperature field by heating (Otsakd Wayman, 1998;
Lagoudas, 2008).

SMA manufactured in the form of wires, ribbons awd springs are considered linear actuators inngaand have
great potential for applications in robotics, dsimti, medicine and production of miniaturized eleatechanical
systems. This potential for applications is a resfiits great capacity to generate force and disgrinent in comparison
with its mass and dimensions. SMA thin wires asoalery interesting for the manufacture of actieanposites
according to the recovery forces that these aatsia@y develop inside the structure during hegtfaine and Rogers,
1991; Jang and Kishi, 2005; De Araljo et al, 2008).

Therefore, the use of ANN for simulation and cohtbSMA actuators can expand the limits of applmas for
these smart materials, resulting in more intelliggnuctures. Recently, Asua et al (2009) used Addkhbined with
proportional-integral control to compensate theténgsis in Ni-Ti wires. These authors have shoven tability of
using SMA-based actuators without the need to ptacextraordinarily large burden on the controltesys Another
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study was carried out by Eyercioglu et al (2007)iclwhused ANN with backpropagation algorithm to peceetl
martensite start (Yl and austenite start (ptemperatures of Fe-based SMA.

Lee et al. (2001) compared the angle control petémice of a SMA active catheter by ANN and PID aantFhere
is advantage in using the measurement of electrésidtance to obtain the information of SMA pasitiHowever, the
control is difficult by traditional methods becauS8A response is non-linear. Song et al. (2003)duaaIN to
compensate hysteresis in SMA actuators. The cotdsts showed that required movement of the SMAaot was
quite closed to its ANN simulation.

This work aims to simulate displacement — currgrgtdresis loops of SMA thin wires actuators usifgNA For
this one, an experimental test bench was spe@algmbled to deform a SMA wire under constant (dadd weight)
and subsequent activation by a controlled eledtgcarent waveform. For each applied load, the m@mion and
expansion of the SMA wire as a function of eleetricurrent lead to the apparition of a hysteresiscbmplete loops
and partial ones (sub loops) which were simulatédgua backpropagation ANN.

2. EXPERIMENTAL PROCEDURE

For this study, Ni-Ti wires with 0.29 mm in diamet@nd 80 mm in length were supplied by Memory Metal
(Germany). This Ni-Ti SMA is named alloy M. Figuteshows the phase transformation temperatureseoNtTi
SMA wire measured by DSC (Differential Scanning cZmhetry). As M, and M temperatures during cooling are
located below room temperature (~ %), the transformation of Ni-Ti wire is only paitti@orresponding to the region
between the R phase and austenite (Otsuka and Wayr@88; Lagoudas, 2008). Thus, the potential disgghent by
expansion and contraction of the Ni-Ti SMA wirewstbr will be only partial.
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Figure 1. Phase transformation temperatures dfttidied Ni-Ti SMA wire (alloy M).

Figure 2 show a schematic drawing of the experialesdt-up, which is composed by an analog-digitglussition
card from National Instruments (1) (NI USB-6009),panted circuit board (2), a Linear Variable Dspément
Transducer (LVDT) (3) (Solartron), a mechanicahfeto attach SMA wires under load (4) and a powgply (5)
(Agilent, E3633A) for resistive heating and cooliothe SMA wire. A microcomputer (6) with LabVIE¥\software
and tools in MatlaB is used to drive the test system and store thesumed data. Figure 3 shows a photograph of this
experimental test bench illustrated in Fig. (2).
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‘F’igure 2. Experimental set-up developed to detegrtiie hysteretic response of SMA wires under load.

In the system shown in Fig. 2, the control signatscessed by LabVIEWsoftware (computer) to analog-digital
card (1) are amplified by the printed circuit boé2yl using a 10 V power supply (5). This electricituit (2) imposes
on the Ni-Ti SMA wire a voltage proportional to tleéectrical current needed to generate the heassacy to the
complete transformation of the actuator.

Then, the applied electrical current (triangulatr@ngular reduced waveform) heats the Ni-Ti SMikewby Joule
effect, causing its phase transformation and carssty contraction and expansion moving the deadghte
Concomitantly, the signal of voltage drop on theTNISMA wire is sent by analog-digital board forethabVIEW®
software that processed these data. The LVDT dispient sensor is used in order to obtain the vamiatf the SMA
wire length. For this, the LVDT characteristic degement signals is sent to the acquisition caddithen processed by
LabVIEW® software. During all tests, the SMA wire was loadby a dead weight corresponding to about 200 MPa.

Figure 3. Photograph of the experimental test bench

The data obtained using the experimental systemmetefin Fig. 2 were processed by the ANN backpragiag
Levenberg Marquardt algorithnrginim) with 20 neurons in the hidden layer and one neumathe output. This task
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was performed using Matl8tsoftware. Random weights were released and casyiddatlaly network training. Figure
4 shows a schematic arrangement of the ANN ardhitecused to simulate the displacement — currestehgtic
behavior of the SMA Ni-Ti wire.

v

Figure 4. Schematic drawing of the ANN architectused for the simulation of the SMA hysteretic babia

3. RESULTS AND DISCUSSIONS

Before obtaining the data of the behavior of NiSMA wire actuator, a cycling procedure necessastdbilize its
thermomechanical response was performed. Figuh®® a8 schematic drawing of this training proced&a. this one,
3000 activation cycles were performed under a fa2D0 MPa. Figure 6 shows the evolution behaviith & tendency
to stabilize the position of the Ni-Ti wire. At thend of cycling, it is observed that the Ni-Ti wipeesent a permanent
deformation under load equivalent to 1.5 mm.
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Figure 5. Training schema employed to stabilizatbthe Ni-Ti SMA wire.



Proceedings of COBEM 2011 21* Brazilian Congress of Mechanical Engineering
Copyright © 2011 by ABCM October 24-28, 2011, Natal, RN, Brazil

Displacement (mm)
Displacement (mm)

L 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Time (s) Electrical current (A)

Figura 6. Cyclic displacement stabilization of tieTi wire for 3000 activation cycles. (a) Evolutias a function
of time. (b) Evolution of hysteresis loops of thepllacement as a function of electrical current.

Figure 6(b) shows the displacement — current hgstedoops of the Ni-Ti SMA wire during the stabdtion by
training. It was observed the same trend of stadiibn in Fig. 6(a), accompanied by a reductiorhgdteresis in
electrical current.

After the training of Ni-Ti wire, an analysis okiresponse under the load of 200 MPa with diffeteabgular
wave current activation was performed. Figure Anghthe results of displacement due to the chandenigth of the
actuator wire in response to a specific triangalactrical current waveform.
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Figure 7. Response of the Ni-Ti SMA wire under 20Pa and triangular electrical current excitation/efarm.
(a) Variation of wire length as a function of tinfb) Hysteretic displacement — current loop.

As can be seen in Fig. 7(a), it was observed aydedtween the applied current and the respondeediained Ni-
Ti SMA wire. It was also noted that the hysterdbops in Fig. 7(b) present themselves exactly caach other,
resulting from the application of electrical cutre@omparing Figs. 6(b) and 5(b) it appears that displacement
obtained during the training procedure was highet this is because the length of Ni-Ti wire usedtfaining was 100
mm.

To simulate the behavior of the Ni-Ti SMA wire a&tor in response to the triangular current wavefasing the

ANN architecture defined in Fig. 4, it was employatdom weights generated by the Matisbftware, as shown in
Fig. 8.
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Figure 8. Random weights used for the simulatioexgpferimental data using backpropagation ANN.

Figure 9 shows the results of simulation by ANN Socycles of triangular electrical current excitatiof the Ni-Ti

SMA wire actuator.

2

1.6

1.4

1.2

1

0.8

o6}

Displacement (mm)

0.4

0.2

l ANN
1.8 — (a—) ————— FE 4+  Experimental Data

Time (s)

Displacement (mm)

. . . : : :
I I i I I
ANN
| | | I | |
1877{b)777777\777\777\
P I R : ,,,,,,,,,,
|
14 ---
|
120 — —i— — [
|
1 [
|
ogf - f- -1 1__L__ T
[ e e T e
3 I
0.4 -
1 |
02 ™gcl— —A—— 4 -k — = — I — -
| |
0 £ 3 1 1
0 01 02 03 04 05 06 07 08 09 1

Electrical current (A)

Figure 9. Simulation of the Ni-Ti SMA behavior byNAl. (a) Displacement versus time. (b) Hysteretic
displacement — current loops.

For training the ANN it were used 1000 times (e@cHt may be noted that the ANN present a good

approximation for both tests, displacement versue tind displacement versus electrical current.

Figure 10 show the experimental results of dispteam@ produced by Ni-Ti SMA wire is response to the

application of a reduced triangular electrical entrwaveform to generate incomplete loops (sublpops
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Figura 10. Ni-Ti SMA response under 200 MPa andiced triangular excitation waveform. (a) Variatimhn
wire lengtl as a function of time(b) Hysteretic displaceme- current sublooy.

To simulate by ANN the experimental behavior of tieTi SMA wire presented in Fig. 8, it was usechadam

weights generated by the Matfatas shown in Fig. 11.
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Figura 11. Random weights used for the simulatioexperimental data using backpropagation ANN far ¢ase
of a reduced triangular electrical current waveform

Figure 12 shows the cyclic response of the Ni-Tiewdisplacement for a reduced triangular electrazatent
waveform in comparison with the simulation by ANfis simulation was performed with the aim of preseduced
triangular electrical current waveform to test {earning ability of neural architecture. Since he displacement
amplitude is variable, the network learning prodessomes more difficult. In practice, it was alequired about 1000
epochs to obtain a good network response in relaionput data.

2 T T T T T T T T T
I I I I I I ANN
18 — (‘b)’ ’: - J‘ - J" - l" - ’: +  Experimental Data
| |

2

1.8

1.6

14
: 12

1
.08

0.6

Displacement (mm)
Displacement (mm)

0.4

0.2

0 01 02 03 04 05 06 07 08 09 1
Time (s) Electrical current (A)

Figure 12. Simulation of the SMA behavior by ANId) Displacement versus time. (b) Hysteretic disptaent —
current subloops.

Figure 12 (b) shows that during heating the SMAevéctuator does not start immediately its contwactbut only
from a current of about 0.5 A. This behavior hathmg to do with physical aspects of the SMA aatuasince it is
only a problem of thermal inertia. Thus, physicaldels available in literature (Lagoudas, 2008) \@aubt be able to
simulate this behavior, while the used ANN desaibery well.

It can be observed, for both cases of electricalect triangular waveform (complete or reduced),thy good
approximation between the experimental data and Alhulation, that the network have learned verycidifitly the
behavior of the displacement of the SMA wire asuacfion of time and applied electrical current. sTiéarning
efficiency of the studied ANN can be used to cdnsmart systems incorporating Ni-Ti SMA wire actuat In this
context, recently Nascimento et al (2009) developedew simple mathematical model for the strainpeEnature
hysteresis of SMA actuators. These authors comntkeatdimitations in the numerical implementatidhneathematical
models can generate discrepancies. However, siimulat hysteresis loops using ANN, as demonstratatiis work,
can be a relatively easy task due to their abititiearn experimental data.

4. CONCLUSIONS

This work presented simulation of the hysteretgptiicement versus electrical current behavior eTiINEMA wire
actuators under load using artificial neural netgoFor this, an experimental test bench was dedigmd assembled
for application of constant load (dead weightsaisingle Ni-Ti SMA wire actuator where activatiadontrolled by
passage of electrical current. The LabVIB¥6ftware was used to control the resistive heatimgjcooling of the Ni-Ti
SMA wire in addition to reading and store the dafadisplacement and drop in electrical voltage. Altitayer
backpropagation neural network with 20 neuronatiidden layer and one neuron in output layer twased using
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the same experimental data generated from thebtssth. Comparisons between experimental and sietulaNN
hysteretic loops have shown very good concordance.
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