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A bstract

Shape memory alloys have become increasingly popular for use in many engineer

ing fields, including aerospace, robotics, and biomechanics. A major research focus 

is the application of Nitinol shape memory alloy wire as an actuator. While posi

tion and force control of shape memory alloy actuator wires has been successfully 

demonstrated in the past, most control algorithms have been developed using posi

tion feedback. Recently, it has been shown that there exists a significant correlation 

between the electrical resistance and strain of the material. This correlation has been 

used to model the strain as a function of the electrical resistance for use in predicting 

the actuator position for control purposes. However, the influence of applied stress as 

well as the presence of a third microstructure phase (R-phase) make modeling of the 

resistance-strain correlation difficult since hysteretic effects become more substantial. 

This thesis presents new models of the resistance-stress-strain behaviour of shape 

memory alloy for use in actuator position control. Characterization of the material 

behaviour was performed through experimental analysis, and used to develop the 

models based on empirical curve fitting. The models were then validated through 

simulation as well as application in a simple PID position control algorithm. Fur

thermore, two different alloys were investigated: a Ni-Ti alloy called Flexinol which 

exhibits significant hysteresis due to the presence of R-phase, as well as a Ni-Ti-Cu 

alloy which shows negligible hysteresis.



For my parents, who always point me in the right direction... 

For my grandparents, who inspire me to reach for greatness... 

...and for my brother, who strengthens the best in me.

iv



A cknow ledgm ents

Many thanks to my thesis supervisors Alex Ellery and Fred Nitzsche, as well as my 

former supervisor Daniel Feszty, who have supported and encouraged me throughout 

my time as a graduate student.

I would also like to thank those who have fostered my growth as an engineer, 

scientist, and researcher throughout my education, including Mehrdaad Ghorashi, 

Bruce Burlton, Tarik Kaya, Joshua Marhsall, Mojtaba Ahmadi, Fred Afagh, John 

Hayes, Choon-Lai Tan, Metin Yaras, and Jonathan Beddoes.

Thank you as well to the supporting staff who helped hone my laboratory and 

hands-on skills, including Gary Clements, Steve Truttman, Stefan Biljan, Alex Proc

tor, Kevin Sangster, Fred Barrett, Graham Beard, and Steve Tremblay, as well as 

adminstrative staff Nancy Powell, Christie Egbert, Marlene Groves, and Irene Helder.

Finally, many thanks to the Canadian Space Agency, who made this research pos

sible under the guidance of Xin-Xiang Jiang and with the support of Darius Nikan- 

pour, Guanghan Wang, Yan-Ru Hu, Remy Grenier, Philippe Vincent, Ralph Nolting, 

Pierre Lortie and Maxime Pepin-Thivierge.



Table o f C ontents

Abstract iii

Acknowledgments v

Table of Contents vi

List o f Tables x

List of Figures xi

1 Introduction 1

1.1 History of Shape Memory A llo y ................................................................  2

1.2 N itin o l............................................................................................................. 4

1.2.1 Phase Com position.........................................................................  5

1.2.2 Shape Memory Effect......................................................................  6

1.2.3 Superelasticity ................................................................................ 9

1.3 Applications...................................................................................................  10

1.3.1 Commercial & Consumer P ro d u c ts ............................................. 11

1.3.2 Biomedical D evices.........................................................................  14

1.3.3 R obotics............................................................................................  18

1.3.4 A erospace.........................................................................................  21

1.4 Design C onsiderations................................................................................. 24

vi



1.4.1 S tro k e ............................................................................................... 24

1.4.2 L o a d ..................................................................................................  25

1.4.3 A ctivation......................................................................................... 27

1.4.4 Boundary Conditions...................................................................... 27

1.4.5 Fatigue...............................................................................................  28

1.5 Electrical R esis tan ce ..................................................................................  29

1.6 Research S um m ary .....................................................................................  33

2 Literature Review 36

2.1 Modeling........................................................................................................  37

2.2 Position-Feedback C o n tro l......................................................................... 41

2.2.1 PID Controllers...............................................................................  42

2.2.2 L ineariza tion ................................................................................... 43

2.2.3 Optimal & Robust C ontro l............................................................  44

2.2.4 Model-Based C o n tro l...................................................................... 45

2.2.5 Learning-Based Control ................................................................ 47

2.3 Resistance-Feedback C ontro l...................................................................... 48

2.3.1 Linear M odels................................................................................... 50

2.3.2 Polynomial M o d e ls .........................................................................  51

2.3.3 Hysteresis Compensation................................................................ 53

2.3.4 Neural Network C o n tro l ................................................................ 53

2.4 Research Contributions...............................................................................  54

3 Experimental Setup 58

3.1 Test S ta n d .....................................................................................................  59

3.2 Wire M o u n tin g ............................................................................................  59

3.3 Displacement Transducer............................................................................  61

3.4 Load C e l l .....................................................................................................  63

vii



3.5 Electrical Resistance Feedback...................................................................  65

3.6 Data A cqu isition ......................................................................................... 67

3.7 Power S u p p ly ...............................................................................................  69

4 Material Characterization 71

4.1 F le x in o l......................................................................................................... 72

4.1.1 Resistance-Displacement B ehaviour.............................................  72

4.1.2 Influence of Applied S tre s s ............................................................  76

4.1.3 Minor Hysteresis Loops..................................................................  79

4.1.4 Training & F a tig u e .........................................................................  81

4.2 F u ru k aw a ...................................................................................................... 84

4.2.1 Resistance-Displacement B ehaviour.............................................. 84

4.2.2 Influence of Applied S tre ss ............................................................  86

4.2.3 Minor Hysteresis Loops................................................................... 89

4.2.4 Training & F a tig u e .........................................................................  91

5 M odeling 94

5.1 F lex in o l.........................................................................................................  96

5.1.1 Heating &: Cooling C u rv es .............................................................  97

5.1.2 Influence of Applied S tre s s .............................................................  99

5.1.3 Hysteresis L o o p s ............................................................................  103

5.1.4 Simulation.........................................................................................  107

5.1.5 Normalization...................................................................................  116

5.1.6 Model C orrelations.........................................................................  120

5.2 F u ru k aw a ......................................................................................................  126

5.2.1 Heating & Cooling C u rv e s .............................................................. 127

5.2.2 Influence of Applied S tre ss .............................................................. 129

5.2.3 Hysteresis L o o p s ............................................................................. 132

viii



5.2.4 Simulation.........................................................................................  137

5.2.5 Normalization...................................................................................  147

5.2.6 Model C orrelations.......................................................................... 153

6 Control 156

6.1 F le x in o l.........................................................................................................  158

6.1.1 Exclusive M odel................................................................................ 159

6.1.2 Normalized Model .......................................................................... 162

6.2 F u ru k aw a ...................................................................................................... 165

6.2.1 Exclusive M odel................................................................................ 166

6.2.2 Normalized Model .......................................................................... 169

7 Conclusions 172

A Load Cell Calibration 175

B LVDT Calibration 177

C Flexinol Model Asym ptote Slope &: Offset D eterm ination 179

List of References 182

ix



List o f Tables

1 Expected and calibrated coefficients for LVDT position output............  63

2 Mean absolute error for simulations under each load condition with

stress influence effects included as well as assuming a  constant load 

condition..........................................................................................................  116

3 Mean absolute error for simulations under each load condition using 

the averaged model, direct switching model, transition curve model,

and average model without stress influence............................................... 146

4 Summary of Flexinol model, control, and output errors in terms of

total actuator stroke......................................................................................  159

5 Summary of mean model, control, and output errors using the exclusive

Flexinol model................................................................................................  162

6 Summary of mean model, control, and output errors using the normal

ized Flexinol model........................................................................................  164

7 Summary of Furukawa model, control, and output errors in terms of

actuator stroke................................................................................................  165

8 Summary of mean model, control, and output errors using the exclusive

Furukawa model.............................................................................................. 169

9 Summary of mean model, control, and output errors using the normal

ized Furukawa model.....................................................................................  171



List o f Figures

1 Raychem Cryofit co u p lin g ..........................................................................  3

2 Austenite and martensite crystal structures for a Ni-Ti a lloy .....  5

3 Transformation sequence of shape memory alloy.............................  6

4 Temperature-strain hysteresis during phase transformation of shape

memory alloy...................................................................................................  8

5 Influence of applied stress upon phase transformation temperatures. . 9

6 Stress-strain response during superelastic loading and unloading. . . .  11

7 Superelastic Nitinol eyeglass frames (left) and cellphone antennae (right). 12

8 Miga Motors MigaOne actuator (left) and TiNi Aerospace Frangibolt

mechanism (right)..........................................................................................  14

9 Various Nitinol stents.....................................................................................  15

10 Nitinol surgical staple (left) and proximal humerus connector (right). 16

11 Active endoscope actuated by SMA coil springs.......................................  17

12 Robotic manipulator actuated by SMA wires............................................  19

13 Biomimetic Jellybot design (top) and swimming cycle (bottom). . . .  21

14 Hybrid SMA composite rotor blade (left) and rotor blade tab actuated

by SMA wires (right).....................................................................................  22

15 SMA actuators used on the Sojourner rover (left) and Rosetta lander

(right)...............................................................................................................  23

16 Actuation strain as a function of applied stress......................................... 25

xi



17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Strain-resistance curves of Nitinol at various stress levels......................  30

Earthquake monitoring using an SMA transducer...................................  31

Results of modeling the electrical resistance of Nitinol...........................  33

Results of PID control investigated by Singh et. al.................................  44

Results of position control using LQR linearized control law investi

gated by Lee and Marvoidis.......................................................................... 45

Comparison of position control by Lee and Lee using PID control with 

Ziegler-Nichols tuning, time delay control, PID control based on time

delay control, and relay control.................................................................... 46

Comparison of PID control (left) and model based control (right) stud

ied by Majima et. al......................................................................................  47

Performance of the neural network based controller developed by Song

et. al.................................................................................................................  49

Hysteresis gap for Ni-Ti alloys with various quantities of copper addition. 50 

Control performance using the linear model studied by Neugebauer et.

al.......................................................................................................................  51

Control performance using the polynomial model studied by Lan and

Fan....................................................................................................................  52

Comparison of control with and without compensation of the hysteresis

effects as studied by Liu et. al.....................................................................  54

Results of position control using a neural network model developed by

Ma et. al..........................................................................................................  55

Test stand with load cell mounting (A), LVDT mounting (B), and bias

spring mounting (C)....................................................................................... 60

Actuator wire mounting................................................................................  61

Solartron LVDT displacement transducer mounted on test stand. . . 62

Futek LRF300 load cell mounted on test stand........................................ 64

xii



34 Ectron 563H conditioner-amplifier...............................................................  64

35 Resistance measurement circuit diagram....................................................  66

36 National Instruments PXI-1033 chassis with PXI-4110, PXI-6220, and

PXI-4070 modules..........................................................................................  67

37 National Instruments SCXI-1000 chassis with SCXI-1102B and SCXI-

1122 modules................................................................................................... 68

38 Data acquisition, signal conditioning, and power supply system. . . .  69

39 Diagram of the experimental setup..............................................................  70

40 Major hysteresis loop resistance-displacement behaviour of Flexinol ac

tuator wire....................................................................................................... 73

41 Major hysteresis loop resistivity-strain behaviour of Flexinol actuator

wire................................................................................................................... 74

42 Simplified resistance-displacement response including lines of constant 

resistivity for martensite at Mf  (dark blue), martensite at As (light 

blue), austenite at A f  (red), austenite at Rs (orange), and R-phase at

Ma (purple).....................................................................................................  76

43 Influence of stress upon the resistance-displacement behaviour of Flex

inol actuator wire...........................................................................................  77

44 Influence of stress upon the heating and cooling curves of Flexinol

actuator wire...................................................................................................  78

45 Minor hysteresis loop behaviour of Flexinol actuator wire......................  80

46 Minor hysteresis loop behaviour of Flexinol actuator wire (reduced). . 81

47 Fatigue behaviour of Flexinol actuator wire...............................................  82

48 Minimum and maximum resistance and displacement during cycling

including logarithmic curve fitting..............................................................  83

49 Overall resistance-displacement behaviour of Furukawa actuator wire. 85

50 Overall resistivity-displacement behaviour of Furukawa actuator wire. 86

xiii



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

Influence of stress upon the resistance-displacement behaviour of Fu

rukawa actuator wire.....................................................................................  87

Influence of stress upon heating and cooling curves of the Furukawa

actuator wire...................................................................................................  88

Minor hysteresis loop behaviour of Furukawa actuator wire (incomplete

heating)............................................................................................................ 90

Minor hysteresis loop behaviour of Furukawa actuator wire (incomplete

cooling)............................................................................................................  90

Minor hysteresis loop behaviour of Furukawa actuator wire (incomplete

heating and cooling)......................................................................................  91

Fatigue behaviour of Furukawa actuator wire...........................................  92

Minimum and maximum resistance and displacement during cycling

including logarithmic curve fitting..............................................................  93

Heating and cooling asymptotes for major hysteresis loop of Flexinol

wire................................................................................................................... 99

Families of heating and cooling asymptotes for Flexinol wire................ 100

Slope and intercept coefficients of heating and cooling asymptotes for

Flexinol wire...................................................................................................  101

Polynomial fitting of relationships between applied stress and asymp

tote coefficients...............................................................................................  102

RMS error of model coefficients as a function of polynomial order. . . 103

Exponential transition curves for Flexinol wire........................................  106

Simulation results for the Flexinol model under constant load of 0.49 N.110

Simulated resistance-displacement curves for the Flexinol model (0.49

N)...................................................................................................................... I l l

Simulation results for the Flexinol model under constant load of 0.98 N .lll

xiv



67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

Simulated resistance-displacement curves for the Flexinol model (0.98

N)......................................................................................................................  112

Simulation results for the Flexinol model under constant load of 1.96 N.112 

Simulated resistance-displacement curves for the Flexinol model (1.96

N)...................................................................................................................... 113

Simulation results for the Flexinol model under spring constraint loading. 113 

Simulated resistance-displacement curves for the Flexinol model

(spring constraint)..........................................................................................  114

Simulation results for the Flexinol model under spring constraint load

ing while assuming constant applied load..................................................  114

Simulated resistance-displacement curves for the Flexinol model

(spring constraint with assumption of constant applied load)...............  115

Resistance-strain responses of Flexinol actuator wires with various

lengths.............................................................................................................. 117

Initial resistance of Flexinol actuator wires with various lengths. . . .  118

Normalized actuation curves of Flexinol actuator wires with various

lengths.............................................................................................................. 119

Simulated actuation curves of Ni-Ti actuator wire using the extended 

model by Brammajyosula under various constant applied loads. . . . 121

Relationship between phase transformation temperatures and applied

stress................................................................................................................. 123

Comparison of slope and offset coefficients determined experimentally 

and fitted for Flexinol wire as well as determined analytically for the

Ni-Ti alloy model by Brammajyosula.........................................................  126

Heating and cooling resistance-displacement curves of Furukawa alloy

with polynomial fitting functions................................................................  128

Heating and cooling asymptote families for Flexinol wire......................  130

xv



82

83

84

85

86

87

88

89

90

91

92

93

94

95

131

132

133

135

136

140

140

141

141

142

142

143

143

144

Slope and intercept coefficients of heating and cooling asymptotes for

Furukawa wire.................................................................................................

Polynomial fitting of the heating and cooling curve coefficients............

Error of the Furukawa model as a function of polynomial order. . . . 

Comparison of transition curves and direct switching in the Furukawa

model................................................................................................................

Comparison of transition curves and averaged activation curve in the

Furukawa model..............................................................................................

Simulation results for the averaged Furukawa model under constant

load of 0.49 N..................................................................................................

Simulated resistance-displacement curves for the averaged Furukawa

model (0.49 N)................................................................................................

Simulation results for the averaged Furukawa model under constant

load of 0.98 N..................................................................................................

Simulated resistance-displacement curves for the averaged Furukawa

model (0.98 N)................................................................................................

Simulation results for the averaged Furukawa model under constant

load of 1.96 N..................................................................................................

Simulated resistance-displacement curves for the averaged Furukawa

model (1.96 N)................................................................................................

Simulation results for the averaged Furukawa model under spring con

straint loading.................................................................................................

Simulated resistance-displacement curves for the averaged Furukawa

model (spring constraint)..............................................................................

Simulation results for the averaged Furukawa model under spring con

straint loading while assuming constant applied load.............................

xvi



96 Simulated resistance-displacement curves for the averaged Furukawa 

model under spring constraint loading while assuming constant applied 

load...................................................................................................................  144

97 Comparison of simulation results using the direct switching, smooth 

transition curves, and averaged Furukawa models....................................  145

98 Comparison of simulated resistance-displacement curves using the di

rect switching, smooth transition curves, and averaged Furukawa models. 145

99 Normalized resistance-displacement activation curves for the Furukawa 

alloy..................................................................................................................  148

100 Normalized resistance-displacement activation curves for the Furukawa 

alloy with polynomial fit...............................................................................  149

101 Upper and lower limits of resistance and displacement for normalized 

activation curves.............................................................................................  150

102 Polynomial curves approximating mechanical displacement, actuation 

stroke, and maximum resistance..................................................................  151

103 Resistance-length relationships for Furukawa actuator wires of various 

lengths..............................................................................................................  151

104 Simulated actuation curves of Ni-Ti-Cu actuator wire using the Liang

& Rogers model..............................................................................................  154

105 Simulated actuation curves of Ni-Ti-Cu actuator wire including stress- 

dependent actuator stroke............................................................................. 155

106 Block diagram of PID position control algorithm based on model feed

back..................................................................................................................  157

107 Step-wise tracking response of the control system under a constant 

applied load using the exclusive Flexinol model.......................................  160

108 Step-wise tracking response of the control system under a spring con

straint applied load using the exclusive Flexinol model..........................  161

xvii



109 Step-wise tracking response of the control system under varying applied 

load using the exclusive Flexinol model.....................................................  161

110 Step-wise tracking response of the control system under varying applied 

load using the normalized Flexinol model.................................................. 163

111 Sine tracking response of the control system under varying applied load 

using the normalized Flexinol model........................................................... 164

112 Step tracking response of the control system under constant applied 

load using the exclusive Furukawa model with direct switching between 

heating and cooling curves............................................................................ 167

113 Step tracking response of the control system under constant applied 

load using the averaged exclusive Furukawa model.................................. 167

114 Step tracking response of the control system under spring constraint 

loading using the averaged exclusive Furukawa model............................  168

115 Step tracking response of the control system under varying applied load 

using the averaged exclusive Furukawa model........................................... 168

116 Step-wise tracking response of the control system under varying applied 

load using the normalized Furukawa model............................................... 170

117 Triangle wave tracking response of the control system under constant 

load using the normalized Furukawa model...............................................  171

118 Linear fit of experimental data for load cell calibration..........................  176

119 Linear fit of experimental data for LVDT calibration............................  178

xviii



Chapter 1

Introduction

Smart materials have become increasingly popular for use in many engineering ap

plications due to their ability to change physical properties in a  controlled and pre

dictable manner [1]. Each type of smart material exhibits a phenomenal response 

to stimuli such as electricity, light, or heat. Examples of sm art materials include 

electrochromic materials, which change colour when excited by an electric potential; 

magnetorhealogical fluids, which experience a change in viscosity when exposed to a 

magnetic field; and pyroelectrics, which develop an electric potential due to temper

ature changes. Two well studied types of smart materials are piezoelectric materials 

and shape memory alloys, which are popular due to their ability to perform as an 

actuator. Piezoelectric materials demonstrate a coupling between electrical and me

chanical properties. Applying mechanical stress causes electric potential to develop 

along the material, while applying an electric field causes mechanical strain [2]. Shape 

memory alloys, on the other hand, have the ability to restore a previous geometry 

upon application of heat. This restoration is accomplished by transformations in 

the crystal structure which are dependent upon both temperature and mechanical 

stress [3].

The phenomena associated with each smart material may be exploited and con

trolled in order to create discrete devices such as actuators, dampers, sensors, etc.

1



2

[4] [5] [6] [7] [8]. Furthermore, smart materials may be integrated into structures 

to achieve distributed control, sensing, or energy harvesting [9] [10] [11] [12]. Much 

research is now focusing on the development of actuation systems employing smart 

materials. Actuator designs have been primarily based upon piezoelectric materials 

and shape memory alloys [13]. These smart material actuators demonstrate a signif

icant reduction in mass and complexity when compared to typical actuators based 

upon electric motors, solenoids, hydraulics, or pneumatics [14] [15].

Both piezoelectric materials and shape memory alloys are suitable for use in actua

tor technologies due to their ability to generate force and displacement. Piezoelectric 

materials are preferred for applications where small displacements are required on 

the order of micrometres or nanometres. They are able to operate at a wide range of 

frequencies, but require very high voltage. Shape memory alloys, on the other hand, 

produce much higher strains and carry high loads. For example, a Ni-Ti shape mem

ory alloy wire with a diameter of 0.5 mm and length of 100 mm can achieve a stroke of 

approximately 5 mm while carrying over 30 N. Since the shape change phenomenon 

is dependent upon temperature, thermal inertia limits shape memory alloys to low 

frequency applications. However, the temperature dependency also allows the alloy 

to be activated simply through resistive heating at reasonable voltage and current 

levels. High force and displacement capabilities, combined with simplicity and low 

cost, make shape memory alloy a superior choice for actuator design [16].

1.1 H istory o f Shape M em ory A lloy

The shape memory phenomenon was first observed in gold-cadmium alloys by Olander 

in 1932, who discovered the alloy’s pseudoelasticity. Similar behaviour was also ob

served in copper-zinc, indium-thallium, and copper-aluminum-nickel alloys through

out the 1940’s and 1950’s. Kurdjumov and Khandros determined that the source of
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Figure 1: Ravchem Cryofit coupling [19].

this behaviour was reversible martensitic phase transformations which were depen

dent upon temperature [17]. In 1962, researchers at the Naval Ordinance Laboratory 

in the United States discovered that nickel-titanium alloys also exhibit the shape 

memory phenomenon. This alloy was then named Nitinol in reference to its com

position (Ni-Ti) and the laboratory (NOL) at which it was discovered. Extensive 

metallurgical testing and analysis of Nitinol was carried out in the following years 

and the thermomechanical properties of the alloy were well established. After charac

terizing the material properties and driving mechanism behind the martensitic phase 

transformations, Nitinol was considered for various applications. The first commercial 

application was the Cryofit coupling ring developed by Rayehem and used to connect 

hydraulic pipelines in the Grumman F-14 Tomcat aircraft [18], as shown in Figure 

1. Nitinol has since received enormous attention from researchers in many engineer

ing disciplines, with significant developments in biomedical, robotic, and aerospace 

applications.
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1.2 N itinol

The nickel-titanium alloy Nitinol has high durability and strength properties, which 

make it favourable over other shape memory alloys despite the fact that it is also 

difficult to machine and process. Nitinol is also highly resistant to corrosion and 

exhibits good fatigue life. Furthermore, the alloy is biocompatible, and therefore 

a suitable choice for many biomedical applications [20]. Typical Nitinol alloys are 

composed of approximately 55% titanium by weight. Altering the composition results 

in changes to the transformation temperatures which define the onset and completion 

of the shape memory phenomenon. These transformation temperatures may also be 

changed through the appropriate selection of heat treatments as well as the addition 

of tertiary alloying elements such as iron, chromium, or cobalt [21] [22]. Furthermore, 

the addition of copper has been shown to significantly improve the fatigue life and 

reduce the hysteresis effects [23]. Other elements such as oxygen and carbon must be 

removed otherwise the properties of the alloy are degraded [24],

While the alloy may be produced in many shapes, it is typically drawn into strips 

or wires. Sputtering is also used for fabricating micro- and nano-scale elements in 

many MEMS applications. However, Nitinol in its wire form is most commonly used 

in actuator design since it has many advantages. The high ratio of surface area 

to volume allows the wire to cool quickly, which is desirable for fast actuation and 

return. Nitinol wire is also flexible enough to be wound around pulleys in order to 

gain mechanical advantage. Furthermore, modeling of the wire mechanically and 

thermodynamically may be treated as a one-dimensional problem, thus reducing the 

complexity of the model.
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Figure 2: Austenite and martensite crystal structures for a  Ni-Ti alloy [26].

1.2.1 P hase C om position

The phenomenal behaviour of Nitinol (as well as other shape memory alloys) is caused 

by phase transformations of the crystal structure that are dependent on both temper

ature and mechanical stress. Two primary crystal phases exist in Nitinol: austenite, a 

B2 cubic phase which is stable at high temperature; and martensite, a B19’ monoclinic 

phase which is stable at low temperature [25]. Figure 2 shows the crystal structure 

of the austenite B2 and martensite B19’ phases. The monoclinic structure of the 

martensite phase causes ‘twinning’ of the crystals to occur. When undergoing plas

tic deformation, ‘detwinning’ of the martensite occurs, and the monoclinic structure 

shifts to accommodate the deformation. This is dissimilar to  typical metals which 

experience dislocations of the individual crystal structures, or slip, to accommodate 

plastic deformation—a process which is permanent. Upon heating, the martensite 

is transformed into austenite and regains its original macroscopic geometry, which 

is retained upon cooling as the austenite transforms back into twinned martensite. 

The transformation sequence is represented in Figure 3. This reversible thermome

chanical process therefore allows apparently permanent deformation to be recovered. 

Irreversible permanent deformation will occur at a higher level of stress, driven by 

the same slip phenomenon experienced by typical metals.
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Figure 3: Transformation sequence of shape memory alloy.

In addition to austenite and martensite, a third phase has been discovered in Niti

nol. Labeled R-phase due to its rhombohedral crystal structure, this phase has been 

observed intermediately during both heating and cooling [27], The appearance of 

R-phase during transformation from martensite to austenite and vice-versa depends 

upon the manufacturing processes used while producing the alloy [28]. Various ther

momechanical treatments such as cold working, annealing, and aging may result in 

the occurrence of R-phase, and through careful selection of appropriate treatments it 

is possible to minimize the amount of R-phase that appears during transformation.

1.2.2 Shape M em ory Effect

Shape memory alloys are so named due to the shape memory effect which they exhibit. 

This phenomenon is driven by the phase transformations described earlier. When the 

material is stressed, detwinning occurs within the martensite phase which appears as 

plastic deformation at a macroscopic scale. After removing the stress, heating then
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causes the martensite phase to transform into austenite, which causes the material 

to recover its original geometry. Upon cooling, the austenite transforms back into 

twinned martensite and the material retains the original geometry [29]. During these 

transformations, the fraction of martensite is determined by the material’s temper

ature and applied mechanical stress. The transformation strain is a function of the 

martensite fraction, therefore the strain is dependent upon both applied stress and 

temperature.

The phase transformation process begins and ends at critical transformation tem

peratures, which depend upon the applied mechanical stress. However, the phase 

transformation temperatures for the forward transformation process (martensite to 

austenite) are different from those for the reverse process (austenite to martensite). 

This gap therefore causes hysteretic behaviour in Nitinol, which is apparent when 

observing the relationships of various material properties such as martensite fraction, 

strain, and electrical resistance [30].

Figure 4 shows a typical strain-temperature curve for a Nitinol wire under a ten

sile bias load. Due to the applied stress, the wire is elongated at the start of the 

curve. Heating the wire causes the temperature to rise until reaching the start of the 

martensite-to-austenite phase transformation, which is defined by the austenite start 

critical temperature, A a. Phase transformation from martensite to austenite then 

occurs while the wire temperature continues to rise. The end of the martensite-to- 

austenite phase transformation is defined by the austenite finish critical temperature, 

Af.  Once the wire has reached this temperature, the forward phase transformation 

process is complete and the alloy is composed entirely of austenite (any further in

crease in temperature causes no significant response in the material). The wire is 

then cooled and the temperature decreases until reaching the start of the austenite- 

to-martensite phase transformation, which is defined by the martensite start critical
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Figure 4: Temperature-strain hysteresis during phase transformation of shape mem
ory alloy.

temperature, Ms. As the temperature continues to decrease, the phase transforma

tion from austenite to martensite occurs until reaching completion at the martensite 

finish critical temperature, My.

Without any bias load, the wire would retain the original undeformed geome

try, however, with the bias load still applied the wire returns to a deformed state. 

Applying a bias load therefore allows the material to be used as an actuator. At 

low temperature, the bias load causes a deformation as the martensite undergoes de- 

twinning, while at high temperature the deformation is recovered due to the phase 

transformation to austenite. Under the presence of boundary constraints, the alloy 

will develop stress and therefore can be used to generate displacement and force.

Another important aspect of the phase transformation properties of Nitinol is 

the relationship between applied stress and the critical transformation temperatures. 

Figure 5 shows the critical transformation temperatures as a function of applied stress. 

The relationship is linear, with the critical transformation temperatures rising with 

increased applied stress. Therefore, as the applied stress is increased, the material
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Figure 5: Influence of applied stress upon phase transformation temperatures.

must be heated to higher temperatures in order to undergo phase transformation. 

Furthermore, it is possible to cause phase transformation at a constant temperature 

by varying the amount of applied stress. For example, if the material is held at a 

constant state of low stress and high temperature such that it is entirely austenite, a 

reverse phase transformation to the martensite phase will take place upon increasing 

the applied stress. Similarly, if the stress is then decreased the material will transform 

back to the austenite phase. This effect is called superelasticity and is described in 

the next section.

1.2.3 Superelasticity

Another phenomenon exhibited by shape memory alloy is superelasticity, which mani

fests as the material’s ability to recover large strains with seemingly elastic behaviour. 

Although this phenomenon is distinguished as being separate from the shape mem

ory effect, both are in fact driven by the same fundamental phase transformation 

processes. Superelasticity occurs when the ambient temperature is greater than the
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austenite finish critical temperature. This means that the alloy will be composed 

entirely of the austenite phase when in equilibrium with the surroundings. By apply

ing mechanical stress, the reverse phase transformation from austenite to martensite 

occurs due to the relationship between the applied stress and critical transforma

tion temperatures discussed previously. The phase transformation therefore causes 

a large deformation in the material. However, upon removal of the applied stress, 

the material returns to the austenite phase and recovers the deformation. While no 

temperature change has occurred, the material has undergone forward and reverse 

phase transformation simply through the influence of applied stress upon the critical 

transformation temperatures.

Therefore, shape memory alloy is capable of recovering deformation through phase 

transformations which appears similar to the elastic behaviour of conventional ma

terials. However, the amount of recoverable strain due to superelasticity in Nitinol 

(approximately 4%) is an order of magnitude greater than that expected for aluminum 

or steel (approximately 0.25%). Figure 6 shows the stress-strain curve that is typically 

seen during superelastic behaviour of Nitinol. An important characteristic of this be

haviour is the presence of a hysteresis effect. As the material is loaded, a large plastic 

deformation occurs due to phase transformation. However, upon unloading there is 

an initial elastic portion before the reverse phase transformation occurs. Therefore, 

energy is absorbed during loading and unloading of the material and superelastic 

shape memory alloy provides a source of elasticity and damping.

1.3 A pplications

The shape memory effect and superelasticity phenomena of shape memory alloys have 

both been exploited in order to create active and passive devices in a variety of en

gineering applications, as well as some consumer products. Although the majority of
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Figure 6: Stress-strain response during superelastic loading and unloading.

applications using shape memory alloys are within the context of scientific research 

and development, an increasing number of commercial products are becoming avail

able. Two fields of study which show the greatest interest in the application of shape 

memory alloys are robotics and biomechanical engineering. The use of shape mem

ory alloys as actuators within the field of robotics has increased dramatically due to 

the low cost of the material and reduction in complexity, size, and mass compared to 

conventional solutions. Nitinol, as a titanium-based alloy, is also a biocompatible ma

terial, making it an appropriate selection for biomedical devices and implants. Many 

researchers in academia and industry have turned to shape memory alloys to replace 

or augment conventional devices in other fields of study as well, and the benefits of 

using the material make it attractive for any application where mass and volume must 

be minimized.

1.3.1 C om m ercial & C onsum er P rod u cts

There are many consumer products available which incorporate shape memory el

ements and take advantage of either superelasticity or the shape memory effect.
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Figure 7: Superelastic Nitinol eyeglass frames (left) and cellphone antennae (right).

Highly flexible shape memory alloy eyeglass frames have been developed by com

panies Marchon and Eschenbach with Nitinol alloys under the trade names of Flexon 

and Titanflex, respectively [31], as shown in Figure 7 (left). Due to the superelasticity 

phenomenon, these eyeglass frames have an unusually high tolerance for bending com

pared to conventional materials. Women’s brassiers have been developed by Wacoal 

which use shape memory alloy wires for structural support th a t conform to move

ment yet return to their original shape [32]. Superelasticity therefore allows greater 

flexibility (and hence greater comfort) compared to conventional steel wire. Nitinol 

orthodontic arch wire braces for dental patients have also been developed which re

duce discomfort and optimize applied force. This application was conceived by George 

Andreasen and commercialized by Unitek Corporation, then developed further by Fu- 

jio Miura in partnership with TOMY Inc. and Furukawa Electric Co. under the trade 

name Sentalloy [33]. Shape memory alloy cell phone antennae also take advantage of 

the superelasticity phenomenon to accommodate large bending deformations without 

suffering damage [18], as shown in Figure 7 (right).

Miniature valves actuated by shape memory alloy elements have been developed 

for use in many products. For example, faucets and shower heads are available from 

TOTO USA which utilize a shape memory alloy valve that acts as an anti-scalding
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device by shutting off flow if the water becomes dangerously hot [34]. Some household 

appliances that use shape memory alloy valves have also been developed, such as a 

coffee maker which pours water once it has boiled and a rice cooker which releases ex

cess steam. Similar valves have also been applied to air conditioning systems. Several 

Mercedes-Benz automobile models use shape memory alloy valves to automatically 

control the flow of oil in order to avoid overheating. The Shinkansen bullet train 

also uses a shape memory alloy valve to control the level of oil within its gearboxes, 

resulting in reduced operating temperatures. These devices all take advantage of the 

shape memory effect in order to activate when the actuating element reaches a critical 

temperature, without the need for sensors and control inputs [35].

Products using shape memory alloy elements which are actively controlled by 

electrical input have also been developed. Valves employing shape memory alloy 

actuator elements have been created by Takasago in partnership with Dolomite [36], 

as well as by Dynalloy [37]. These valves, unlike those previously discussed, are 

controlled by electrical input instead of being passively actuated by the temperature 

of fluid passing through. Pumps activated by shape memory alloy elements have 

also been developed by Autosplice for use in the Insulet OmniPod insulin pump [38], 

as well as by TiNi Alloy [39]. Commercially available shape memory alloy actuators 

have been developed by many companies, including Autosplice [38], Miga Motors [40], 

TiNi Alloy, and TiNi Aerospace [41]. Fasteners composed of shape memory alloy are 

also available such as the UniLok heat shrinkable metal ring by IntrinsicDevices [42], 

which is not activated by electrical input but heated in order to tighten around a wire 

or bundle of wires. Shape memory alloy release and separation devices are available 

from TiNi Aerospace in order to replace pyrotechnic devices normally used to deploy 

spacecraft and their appendages, including the Frangibolt, Pinpuller, and Ejector 

Release Mechanism [43]. Figure 8 shows the Miga Motors MigaOne actuator (left) 

and the TiNi Aerospace Frangibolt (right).



Figure 8: Miga Motors MigaOne actuator (left) [40] and TiNi Aerospace Frangibolt 
mechanism (right) [43] .

In addition to devices and products which employ shape memory elements, shape 

memory alloy raw material is also commercially available in many forms. Dynalloy 

produces a Nitinol alloy under the commercial name Flexinol which is available in 

wire and strip form [44]. Memry Corp. in partnership with SAES Getters offers 

Nitinol in wire, tube, sheet, and strip form [45]. A superelastic Nitinol wire under the 

commercial name Sentalloy is available from GAC International, typically for use in 

orthodontic applications described previously [33]. Furukawa Electric Company also 

produces a series of Nitinol alloys in wire form, with transformation properties for 

applications taking advantage of either superelasticity or the shape memory effect [35].

1.3.2 B iom edical D ev ices

As previously mentioned, Nitinol is an excellent choice for biomedical applications 

due to its mechanical properties, biocompatibility and the reduction in size, mass, 

complexity, and cost when compared to conventional materials and devices [46]. An

other advantage of using Nitinol in vivo is the ability to activate the shape memory
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F igure 9: Various Nitinol stents.

alloy element with body heat if the material has been manufactured to obtain the ap

propriate transformation temperatures. Both active and passive devices using Nitinol 

have been created for use in biomedical applications [47] [48]. Passive devices either 

take advantage of the superelastic phenomenon to provide exceptional flexibility, or 

are single use components activated by body heat. Active biomedical devices use 

shape memory alloy elements as actuators in order to control their movement or 

configuration.

There are many passive biomedical devices that use or are composed entirely of 

Nitinol. The most widely used of these is the shape memory alloy self-expandable 

vascular stent, which is a net-like structure manufactured out of Nitinol [49]. Con

ventional vascular stents are composed of stainless steel and must be inserted by a 

catheter into the blood vessel and expanded by a balloon at the desired location. A 

Nitinol stent requires no balloon for expansion since its transformation temperatures 

are tailored to cause shape recovery once reaching body temperature. After position

ing the stent using a catheter, it is simply released and allowed to expand due to the 

shape memory effect. This reduces the risk of additional damage due to over-inflation 

of the balloon [50]. Figure 9 shows examples of various Nitinol stents.

Another successful application of Nitinol in a passive biomedical device is its use 

as an orthopedic implant. Surgical staples fabricated from Nitinol have been used to
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Figure 10: Nitinol surgical staple [51] (left) and proximal humerus connector [54] 
(right).

fix bone fractures and assist in suturing wounds, as well as correct conditions such as 

scoliosis [51] [52]. The staple is manufactured in a closed configuration and opened 

just prior to insertion. Body heat activates the shape memory alloy staple, causing it 

to close and hold the tissue together. Plates and frames composed of Nitinol have also 

been used to support fractured bones [53] [54], After activation due to body heat, 

the supporting structure provides high strength and flexibility, and may be designed 

to provide clamping force similar to the Nitinol staple [55] [56]. Figure 10 shows a 

Nitinol staple design (left) and proximal humerus clamp (right).

Actively controlled biomedical devices using Nitinol have also been designed and 

studied. Their simplicity and reduced size and mass make Nitinol actuators ideal 

for actively controlled endoscopes and catheters. Conventional catheters are passive 

flexible tubes that are inserted into a patient’s body in order to perform tasks such 

as diagnose disease, deliver treatment, or drain fluid. Active catheters have been 

developed which use shape memory alloy actuators to achieve controlled bending 

motion in multiple degrees of freedom [57] [58]. Nitinol strip, wire, or spring actuators 

are arranged axound a central hollow tube and separated into multiple segments.



17

SMA COILS WIRES FOR CCD

CENTER SHAFTBIAS COIL

Figure 11: Active endoscope actuated by SMA coil springs [61].

Each segment is activated independently in order to control the overall direction 

of bending motion. Shape memory alloy actuators have been applied similarly to 

actively controlled endoscopes as well [59] [60] [61], as shown in Figure 11. These 

devices are similar in function to the active catheter but with the purpose of observing 

the patient’s interior using a video camera attached to the tip.

Actuators for use in robotic systems for biomedical applications have also been 

developed using shape memory alloy elements [62] [63]. Many of these actuators 

are used for minimally invasive surgery devices, such as robotic joints and grippers 

[64] [65]. Nitinol wire has also been used as a simple actuation method for releasing 

medication from an implantable drug delivery device [66].

Another biomedical application of shape memory alloys is its use in devices outside 

of the body. Orthopedic rehabilitation for patients with muscular or joint mobility 

problems may be accomplished using shape memory alloy driven devices. Healthy 

regeneration of muscle may be promoted by actively imposing the motion using a 

shape memory alloy driven brace, such as a glove for hand rehabilitation [47]. Pas

sive shape memory alloy devices may also be used to provide support to weakened 

muscles or joints, such as a foot arch for reducing impact and improving balance [67]. 

Furthermore, shape memory alloy actuators have also been studied for use in anthro

pomorphic prosthetic limbs [68] [69].
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1.3.3 R obotics

Shape memory alloys, in particular Nitinol based alloys, have received much attention 

in many fields of robotics research due to their benefits over conventional approaches, 

such as low mass and volume, simplicity, high force and stroke output, as well as silent 

operation and negligible electromagnetic interference [70]. Most robotic applications 

of shape memory alloys take advantage of their actuating ability in order to generate 

motion and exert forces [71] [72]. Shape memory alloy elements are often employed 

as the actuating component within a discrete actuator, but may also be integrated or 

distributed within the robot body or structure. The reduced size and mass also allow 

shape memory alloy elements to be used within miniature robotic devices at such a 

scale where conventional devices are unavailable or fail to meet design requirements 

[73]. Furthermore, shape memory alloy is considered a good analogue for muscle, and 

has been studied as an artificial muscle for anthropomorphic and biomimetic robotic 

applications.

Various types of robotic manipulators actuated by shape memory alloy elements 

have been designed and studied [74] [75] [76]. Typical robotic manipulators are com

posed of multiple links interconnected by moving joints which are actuated by electric 

motors. Each joint motor must be aligned with the joint rotation axis or connected 

appropriately through a complex transmission system. Locating a motor within an 

outer link reduces the performance capabilities of the manipulator since the added 

mass increases the load upon the preceding joint motors, especially in the presence 

of gravity. Many rotary joints using shape memory alloy actuating elements have 

been developed for use in robotic manipulators [77] [78]. Replacing the electric joint 

motors with such actuators improves the manipulator’s performance and efficiency, 

as well as lowers the overall size and mass of the system.

Flexible manipulators employing shape memory alloy actuators have also been
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F igure 12: Robotic manipulator actuated by SMA wires [72].

investigated [79] [80] [81]. Instead of a series of rigid links connected by rotating joints, 

a flexible manipulator is composed of an elastic structure which deforms in order 

to generate motion. Shape memory alloy elements have been studied as actuators 

for flexible manipulators in both wire and strip form [82] [83]. The manipulator is 

divided into segments which each use a set of shape memory alloy actuators in order 

to generate bending in multiple directions, allowing the overall manipulator to achieve 

a wide range of configurations. Figure 12 shows a mobile 4-DOF robotic manipulator 

developed by Mandru et. al. [72],

Biomimetic robots mimic the physiology or behaviour of animals or plants, such 

as locomotion, sensing, manipulation, or pattern recognition. By taking advantage 

of processes which have resulted from natural evolution, biomimetic designs present 

unique and efficient solutions to problems in robotics. Many biomimetic and an

thropomorphic robots have been developed which use shape memory alloy actuators. 

Their silent operation, viscoelastic properties, and ability to generate high force and 

displacement through contraction make shape memory alloy wires and strips a good
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analogue for muscle [84]. Shape memory alloy actuators have been used for under

water robotic systems which mimic the locomotion of aquatic animals such as fish, 

jellyfish, and manta rays. The actuators are integrated directly into the structure as 

in the case of the biomimetic jellyfish studied in [85] and manta ray studied in [86], 

or attached between articulated segments and fins as in the case of the biomimetic 

tuna robots studied in [87] and [88]. Robots have also been developed which mimic 

the motion of worms using shape memory alloy actuators. The Omegabot inch- 

worrn robot uses flexible segments which are rotated using shape memory alloy coil 

actuators in order to generate motion similar to an inchworm [89]. Similarly, an 

earthworm robot studied in [90] uses contraction and elongation actuated by a shape 

memory alloy spring to generate motion with the help of barbs that grip the sur

face. Another earthworm robot studied in [91] uses a series of segments composed 

of polyester braided tubes which contract under the action of shape memory alloy 

wires to generate a pulsating motion along the body. Some examples of anthropomor

phic applications include the use of shape memory alloy wires for actuating artificial 

fingers [92], hands [93], and eyes [94], Composite materials using embedded shape 

memory alloy actuators have also been developed which mimic muscle tissue such 

as the bio-inspired shape memory alloy composite actuator (BISMAC) [95] and the 

super-active shape memory alloy composite actuator (SASMAC) [96]. Artificial vas- 

culated flesh has also been developed which allows shape memory alloy wire elements 

to be embedded in hollow channels within the material and actuated using hot and 

cold fluid which is pumped through the channels [98]. Figure 13 shows the Jellybot 

developed by Villaneuva et. al. [85].

Shape memory alloy actuators are also considered an excellent candidate for micro

electromechanical systems (MEMS) due to the ability to directly integrate the shape 

memory alloy elements within the MEMS components [97]. Thin film shape memory 

alloy actuators are typically used and have been studied widely for MEMS applications
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Figure 13: Biomimetic Jellybot design (top) and swimming cycle (bottom) [85]

[98] [99]. Fabrication may be accomplished through sputtering or laser-deposition of 

the material upon the substrate [100] [101], allowing fine control of the thickness and 

composition of the material. Some examples of MEMS applications include micro- 

grippers [102], micro-dampers [103], and micro-pumps [104].

1.3.4 A erospace

The high energy density of shape memory alloy makes it an excellent choice for ap

plications in aircraft and spacecraft systems, where mass and volume are critical 

design constraints [105]. Shape memory alloy actuators have been used to actu

ate systems in both fixed-wing aircraft and rotorcraft, either as a discrete actuator 

replacing conventional devices such as hydraulic, pneumatic, or electromagnetic actu

ators, or integrated as part of the structure which is being actuated. Flaps actuated 

by shape memory alloy wires have been studied for both fixed-wing aircraft [106] 

and rotorcraft [107], where the actuator wires are applied antagonistically to de

flect the hinged flap in both directions. Rotor blades which are capable of varying 

the twist angle profile of the airfoil have also been studied which use shape mem

ory alloy wires to provide torsional actuation [108] [109]. Shape memory alloy wires
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Figure 14: Hybrid SMA composite rotor blade [109] (left) and rotor blade tab 
actuated by SMA wires [107] (right).

have also been embedded within composite structures in order to provide actua

tion for variable area exhaust [110] and intake [111] structures. Similar composite 

structures actuated by shape memory alloy elements have also been studied for use 

in adaptive wing structures which change shape in order to accommodate varying 

flight conditions [112] [113]. Furthermore, shape memory alloy has been considered 

as reinforcement in aluminum structural members to reduce crack propagation [114]. 

Figure 14 shows an active hybrid SMA composite rotor blade developed by Park et. 

al. [109] and an active rotor blade tab actuated by SMA wires developed by Singh 

and Chopra [107].

Spacecraft systems employing shape memory alloy elements have also been in

vestigated, including separation and release devices, actively controlled structures, 

dampers, and actuators [115]. Typical separation and release devices include py

rotechnic elements which explode in order to sever a connection between spacecraft 

or their appendages. By using a shape memory alloy element instead of pyrotech

nics, the separation device may be operated with much lower shock imparted upon 

the vehicle, as well as eliminate the risk of shrapnel damage. Separation and release



Figure 15: SMA actuators used on the Sojourner rover [124] (left) and Rosetta 
lander [125] (right).

devices using shape memory alloy elements have been studied and applied exten

sively [116] [117] [118], including products developed by TiNi Aerospace mentioned 

previously. Actuators for spacecraft systems have also been developed using shape 

memory elements instead of conventional electric motors [119] [120]. Appendages such 

as solar panels [121] [122] may be deployed using shape memory alloy actuators which 

generate rotational motion, while bending actuators may be used to unfold structures 

such as antennae or mirrors [123]. Planetary landers and rovers have also used shape 

memory alloy actuators for systems such as a dust wiper on the Pathfinder mission 

Sojourner rover [124] and a gas release mechanism on the Rosetta lander [125], both 

of which are shown in Figure 15.

Furthermore, shape memory alloy actuators have been studied for use in active 

shape control of structures [126] [127] [128] [129], and vibration damping [130] [131]. 

Passive shape memory alloy devices have also been used in spacecraft systems such as 

an automatic radiator panel which opens upon heating above a critical temperature 

[132], Another interesting application is a Mars exploration hopper vehicle which 

uses a shape memory alloy element to contract and store energy within a spring [133]. 

The spring is then released periodically in order to propel the vehicle into the air and
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achieve locomotion through hopping.

1.4 D esign Considerations

Although there are many possible applications of shape memory alloy, most of these 

require similar considerations during design. The following sections briefly describe 

the major design considerations with focus on the use of Nitinol shape memory alloy 

in wire form (which is most common) for use as an actuator in a  device or structure. 

Nevertheless, other applications which fall outside of this focus also share many of 

the same design considerations.

1.4.1 Stroke

Considering the application of shape memory alloy as an actuator, one of the key re

quirements for design is the amount of desired stroke (actuator displacement). There 

are two sources of strain within shape memory alloy: mechanical strain and recovery 

strain. Mechanical strain is due to applied stress and behaves according to Hooke’s 

Law similar to conventional materials. The recovery strain is generated due to the 

phase transformation process, and is considered negative (compression) for the case 

where the material has been elongated during initial loading and detwinning of the 

martensite phase. Typical Nitinol alloys are capable of generating approximately 3-5% 

recovery strain. Figure 16 demonstrates the relationship between applied stress and 

available recovery strain as measured experimentally using the apparatus presented 

in chapter 3. As the applied stress is increased, the recovery strain also increases.

By choosing an appropriate total length of the shape memory alloy wire, the 

actuator stroke requirements can be met for a known stress or expected range of 

stress. Often, the wire will be chosen to produce greater stroke than required and
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Figure 16: Actuation strain as a function of applied stress.

any additional displacement is constrained through mechanical stops or careful posi

tion control. Additionally, many applications of shape memory alloy employ simple 

machines such as pulleys or levers in order to gain mechanical advantage and produce 

increased stroke at the cost of increased wire tension (or lower output force).

1.4.2 Load

Nitinol alloys exhibit high strength due to the nickel-titanium composition. A con

ventional metal obeys Hooke’s Law during elastic loading and subsequently undergoes 

plastic deformation when the applied stress surpasses the yield strength. The stress- 

strain behaviour of shape memory alloys is much more complex considering the phase 

transformation processes [134], Starting in the martensite phase, the material initially 

undergoes elastic deformation until reaching a critical stress a t which the detwinning 

process begins. This detwinning causes the large amount of apparently plastic strain 

which is later recovered through the shape memory effect. Further loading of the
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detwinned martensite phase results in the typical behaviour of elastic deformation, 

yield, plastic deformation, and finally ultimate tensile failure.

The stress-strain behaviour of the austenite phase is also similar to a conventional 

material. However, the influence of applied stress upon the critical phase transfor

mation temperatures must be considered (increasing the applied stress causes the 

transformation temperatures to increase). Therefore, if the material is kept at a con

stant temperature then it is possible that the applied stress causes the critical phase 

transformation temperature, Ms, to rise above the material temperature, inducing 

a phase transformation from austenite to martensite. When the applied stress is 

decreased to the point where the critical phase transformation temperature, As, is 

below the material temperature, the phase transformation from martensite to austen

ite occurs. The phenomenon of superelasticity is driven by this process, as described 

previously.

In order to ensure that the shape memory behaviour is repeatable and avoid 

degradation, the applied stress must never exceed the yield stress of the material. 

Furthermore, there are limitations upon the applied stress during cyclic operation in 

order to ensure that the impact of fatigue is eliminated or minimized.

Application of shape memory alloys as actuators requires careful consideration of 

the loading conditions. Since the shape memory effect causes a contraction, applied 

stress must be used to elongate the wire upon cooling. Most shape memory alloy ac

tuators employ a bias load in order to return the wire to the elongated configuration. 

The bias load may be generated by a dead weight or spring integrated within the 

actuator itself, or supplied by external forces depending upon the application envi

ronment. The actuator may also use mechanical advantage from pulleys or levers in 

order to amplify or reduce the actual load on the shape memory alloy element, which 

also affects the total output stroke of the actuator mechanism.
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1.4.3 A ctivation

Considering an SMA wire actuator under constant stress, activation of the wire will 

occur when the temperature is raised above the austenite s tart temperature until 

reaching the austenite finish temperature. The wire then returns to its original con

figuration as the temperature falls below the martensite start temperature until reach

ing the martensite finish temperature. Therefore, heating and cooling of the wire is 

required in order to activate the actuator.

The most common method for heating the wire is resistive heating using electrical 

current, with the surrounding air providing passive cooling through conduction and 

convection. However, it is also possible to provide heating using a separate heating 

device such as a resistive heating patch, as well as active cooling using a thermoelectric 

Peltier device. As an example of a more elaborate method, Mascaro and Asada 

immersed the SMA wire in a fluid which could be exchanged between hot and cold 

reservoirs in order to provide heating and cooling [135].

Since the actuation speed depends upon the rate of temperature change, faster 

actuation may be accomplished by applying more heat. However, without active 

cooling, the actuator will typically return much more slowly, limiting its effective 

operation frequency. Also, if the actuator is used in a vacuum environment, cooling 

will only be provided by radiation heat transfer to the surroundings and conduc

tion through the boundary constraints. Therefore, the ambient conditions of the 

surrounding environment are an important consideration for SMA actuator selection 

and design.

1.4.4 B oundary C onditions

Integration of an SMA wire actuator within a device is typically much simpler than 

integration of an electric motor or pneumatic actuator. However, there are some
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special considerations that must be made. If electrical resistive heating is used, the 

SMA wire must be electrically insulated from the device in order to ensure that 

no short circuit occurs due to undesired contact between the wire and the system. 

Therefore, clamping of the ends of the wire must provide an electrically conductive 

connection for heating, but an insulated connection for structural support.

Electrical connections must be provided at both ends of the wire in order to 

complete the circuit, requiring lead wires that extend from the power supply to both 

ends of the actuator. However, it is possible to loop the SMA wire through a pulley 

at the end of the actuator such that both ends of the wire are connected at the same 

side of the actuator, simplifying the lead wire connections.

In addition to electrical insulation of the connections, it may also be desirable 

to provide thermal insulation in order to reduce heat transfer from the wire to the 

device. If the SMA wire is not thermally isolated from the device, the heat loss must 

be compensated by increasing input power, therefore reducing the efficiency of the 

actuator.

1.4.5 Fatigue

There are two forms of fatigue experienced by Nitinol: mechanical fatigue and shape 

memory fatigue. Like other metals, mechanical fatigue is attributed to the formation 

of dislocations and propagation of cracks through repeated mechanical loading cycles. 

Shape memory fatigue occurs due to both cyclic mechanical and thermal loading, 

and results in the degradation of shape memory properties of the alloy. The most 

prominent effect of shape memory fatigue is the reduction in recoverable strain and 

accumulation of permanent strain.

The formation of defects during transformation between the martensite and 

austenite phases of the material is the root cause of shape memory fatigue. Under 

superelastic conditions, where a constant temperature is maintained and the material
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is activated by the cyclic application and removal of stress, shape memory fatigue 

causes a decrease in the critical transformation stress and accumulation of permanent 

strain. Due to the dependency between critical transformation temperatures and ap

plied stress, the decrease in the critical transformation stress is actually the result 

of an increase in the critical martensite start transformation temperature. Similarly, 

thermal cycling with no applied stress results in shifts in the phase transformation 

temperatures, which stabilize after many cycles. During thermomechanical cycling of 

the material under typical actuator conditions (where the material is loaded under 

constant stress and cyclically activated), fatigue manifests as a decrease in the recov

erable strain and the accumulation of permanent strain. Therefore, a shape memory 

alloy actuator wire subjected to fatigue suffers a loss of actuation stroke due to the 

decrease in recoverable strain, and retains a small permanent strain after actuation.

Fatigue in Nitinol is an important consideration for applications that demand 

cyclic actuation of the material, especially if precise position control or repeatability 

is required. However, the effects of shape memory fatigue must be taken into account 

regardless of the application due to large initial shifts in the shape memory properties 

during the first activation cycles after production. In practice, a shape memory alloy 

element is ‘trained’ by typically activating it through approximately 30 cycles, re

sulting in stabilization of the shape memory properties. After this training process is 

complete, the actuator properties are considered stabilized. The subsequent continu

ation of shape memory fatigue through thermomechanical cycling is then considered 

separately.

1.5 Electrical R esistance

Research into the electrical properties of Nitinol shape memory alloy has revealed re

markable relationships between the material’s electrical resistivity, temperature, and
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Figure 17: Strain-resistance curves of Nitinol at various stress levels [136].

mechanical stress and strain. Each phase of the shape memory alloy (martensite, 

austenite, and R-phase) possesses a different electrical resistivity, thus phase trans

formations induced by changes in temperature or stress cause the overall electrical 

resistivity of the material to change. The change in electrical resistance may then be 

measured in order to estimate the temperature or strain of the  shape memory alloy 

element, assuming the applied mechanical stress is known or measured. Therefore, in 

addition to acting as an actuator, shape memory alloy may also be used as a sensor 

and has subsequently been labeled a ‘self-sensing’ actuator. Figure 17 shows the re

lationship between strain and electrical resistance in a Nitinol alloy at various levels 

of applied stress.

Many applications of electrical resistance feedback in shape memory alloy elements 

have been studied for estimating strain or temperature. Overheating can occur if the 

actuator temperature is unnecessarily raised higher than the austenite finish phase 

transformation temperature, Aj.  Reducing the risk of overheating is possible by 

estimating the actuator displacement through resistance feedback, allowing faster 

activation speeds and improving the material’s fatigue life. The resistance of an
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Figure 18: Earthquake monitoring using an SMA transducer [142].

actuator decreases during activation and may be compared to  a  threshold value to 

determine if the actuator has contracted to a corresponding position [137] [138] [139]. 

Continued heating after complete phase transformation causes the electrical resistance 

to increase, making it possible to infer full contraction based upon the rate of change 

as well [140]. Similarly, electrical resistance feedback may also be used to maintain the 

actuator’s temperature at the austenite start phase transformation temperature, A s, 

in order to prime the actuator for faster response under variable ambient conditions 

[141]. Electrical resistance feedback has also been used to estimate strain in structures 

with integrated shape memory alloy elements. Vibrations due to earthquakes may 

be detected and passively damped using shape memory alloy components within civil 

structures. The resistance-strain relationship of a shape memory alloy displacement 

transducer has been modeled using a linear curve in order to measure interstory 

drift in structures [142], as shown in Figure 18. Furthermore, shape memory alloy 

wires embedded within composite structures have been used to sense and estimate 

strain [143] as well as act as self-sensing actuators to mitigate structural damage [144]. 

The effect of ambient temperature is an important consideration in these passive 

applications of electrical resistance feedback. Position control of shape memory alloy 

actuators using electrical resistance feedback has also been investigated and will be 

discussed in detail in the next chapter.
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Modeling of the relationships between electrical resistivity, stress, strain, and tem

perature has been undertaken using numerous approaches with varying complexity. 

The established relationships between electrical resistance, resistivity, and tempera

ture are often employed along with a model of the phase transformation and a simple 

mixture rule. Fractions of the austenite, martensite, and rhombohedral phases may 

be modeled using phase transformation functions that are dependent upon tempera

ture and stress. The resistivities of the three phases are determined as a function of 

temperature and then combined using a simple mixture rule to determine the overall 

resistivity of the material. Strain may be computed as a function of the phase frac

tions, including both an elastic component from applied stress as well as the actuation 

component due to phase transformation. The electrical resistance of the material is 

then determined from the resistivity and strain, where the change in cross-sectional 

area due to transverse strain may also be considered. This approach to modeling the 

electrical resistance behaviour of shape memory alloy has been studied with different 

models of the phase transformation process, such as the Liang & Rogers model [145], 

Brinson model [146], and numerical or statistical models [139] [147] [148] [149]. Figure 

19 shows the results of modeling the electrical resistance using the Liang & Rogers 

model.

Simple models of the relationship between electrical resistance and strain have 

also been developed but are often suitable only under certain conditions, such as 

a particular load, static ambient temperature, or confined range of motion. The 

application of shape memory alloy as a strain sensor allows the resistance-strain re

lationship to be modeled linearly without hysteresis since the material remains in 

a single phase [144] [143] [142], However, these models must be calibrated accord

ing to the applied load or stiffness and do not capture the hysteresis effects which 

occur during phase transformation. Linear relationships have been studied for use 

in active control of shape memory alloy actuators, but are only applicable under a
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Figure 19: Results of modeling the electrical resistance of Nitinol [145].

particular load and depend upon the absence of R-phase during phase transforma

tion [150] [151] [152] [153]. Hysteresis effects due to the presence of R-phase have been 

compensated using various techniques, most of which involve the use of two functions 

representing heating and cooling curves [154] [136] [155] [156]. However, many stud

ies rely upon the absence of R-phase during transformation or the use of Ni-Ti-Cu 

alloys, which exhibit negligible hysteresis effects compared to Ni-Ti alloys [157] [158]. 

Artificial neural networks have been used to model the resistance-strain relationship 

in detail, including hysteresis effects as well as minor loops due to incomplete actua

tion [159] [160] [161].

1.6 Research Sum m ary

The research presented in this thesis focused on the development of a predictive en

gineering model of the resistance-stress-strain relationship of Nitinol shape memory 

alloy for application in actuator position control. Typical position control algorithms 

depend upon feedback of the actual position using sensors. The addition of sensors
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has a significant impact on the mass and volume of the system, especially in robotics 

and aerospace applications. Conversely, measurement of the electrical resistance of 

a shape memory actuator is relatively simple since resistive heating is typically used 

and the voltage and current applied to the actuator may be easily determined. Mea

surement of the applied stress is possible using load cells or strain gages, which may 

be integrated within the actuator itself or as part of the parent system. In some cases 

the applied stress may be known or predicted based on the application conditions or 

stiffness of the actuated structure, negating the need for a load sensor.

Therefore, the model presented in this research is readily applicable to actuators 

with varying load conditions. Although temperature is fundamentally the most im

portant parameter when analyzing the behaviour of shape memory alloy, it is not 

included as a parameter within the model. Electrical resistance acts sufficiently as an 

indicator of the phase composition which would normally be determined as a function 

of temperature.

The model which was developed is superior to previous methods since it includes 

the effects of R-phase, accounts for the influence of applied stress, and is normalized 

for actuator wire of any length and diameter. Although some previous research has 

investigated solutions for each of these problems individually, this thesis presents a 

model which encompasses all three. Therefore, this research is a significant contribu

tion to the study and development of Nitinol shape memory alloy actuators.

Experimental qualitative and quantitative characterization of the resistance- 

stress-strain behaviour of shape memory alloy actuator wire is described in the first 

section. This was carried out in order to quantify certain parameters such as the 

total transformation strain as well as examine and study trends such as the influence 

of applied stress. The overall resistance-stress-strain behaviour was then captured 

within the model, which is presented in the second section. Normalization of the 

model was also carried out in order to accommodate actuator wire of variable length
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and diameter. The third section presents a verification of the models applied within 

a simple position control system using electrical resistance feedback. Position con

trol is successfully demonstrated under varying load conditions with mean errors of 

approximately 3% of the total actuator stroke.

Characterization, modeling, and control was investigated using two Nitinol al

loys: a Ni-Ti alloy commercially named Flexinol and manufactured by Dynalloy and 

a Ni-Ti-Cu alloy designated NT-H and manufactured by Furukawa Electric. Only 

the Flexinol alloy exhibited significant hysteresis behaviour due to the presence of 

R-phase. Therefore, separate models were developed for each of the two alloys. The 

Furukawa alloy was modeled using a simple polynomial model of the strain-resistance 

relationship which follows a characteristic curve. The Flexinol alloy required a more 

complex relationship using a hybrid model with linear asymptotes for heating and 

cooling, and an exponential function to capture the hysteresis behaviour. The influ

ence of stress was included within the appropriate coefficients of each model using 

linear and polynomial functions. The performance of the models developed for each 

alloy demonstrated that they are successful in capturing their respective resistance- 

stress-strain behaviour in a simple position control application.

Some of the potential applications which may benefit from this research are also 

discussed, as well as the correlations between the models and current theory, and 

possible improvements for future consideration.



Chapter 2

Literature R eview

Position control of shape memory alloy actuators is a widely studied topic which has 

received much attention in the past few decades. Similar to other actuation systems, 

position control is most often achieved using position feedback from sensors such as 

encoders, but has also been studied using open-loop control and model-based control 

using feedback of parameters such as temperature. Various control algorithms have 

been studied for feedback and model-based control, including PID control, adaptive 

control, and robust control methods. Furthermore, both feedback control and model- 

based control have been studied in combination, with sensor feedback of position as 

well as temperature or stress.

Model-based control algorithms typically make use of previously established mod

els of shape memory alloy behaviour in terms of applied stress, strain, and tempera

ture, such as the Liang & Rogers model or Brinson model. However, modeling of the 

relationship between electrical resistance and strain has also been successfully applied 

in model-based position control using electrical resistance feedback. The influence of 

applied stress and the presence of R-phase are the primary challenges in developing 

comprehensive models for use in shape memory alloy actuators.

The state-of-the-art of position control of shape memory alloy actuators using 

electrical resistance feedback is presented in this chapter. Control algorithms which

36
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make use of position feedback are reviewed, along with the currently established 

models of shape memory alloy behaviour.

2.1 M odeling

The behaviour of shape memory alloy has typically been modeled in terms of the 

applied stress, strain, and temperature. The phase transformations which drive the 

shape memory phenomenon are modeled by a set of equations which most often 

predict the fractions of each phase as a function of stress and temperature. Strain 

due to the shape memory effect is then computed as a function of the phase fractions, 

and included in an overall constitutive equation. Some models apply a physics-based 

or energy-based method in order to determine the phase composition. However, the 

most widely used approaches are based upon the Liang & Rogers model [162] and 

the Brinson model [163]. Furthermore, typical models assume a one-dimensional 

approach since most applications use shape memory alloy in wire form.

Both the Liang & Rogers model and Brinson model have similar constitutive 

equations, which are presented in differential form where the subscript 0 refers to 

the initial condition. Stress, er, is a function of the strain, e, temperature, T, and 

martensite fraction, f. Equation 2.1 is used within the Liang & Rogers model and 

Brinson model.

a  -  a0 = E (0(e  -  s0) +  0 (T  -  T0) + «(£)(£ -  &) (2.1)

Both models include the typical stress-strain relationship of Hooke’s law, as well 

as the influence of temperature-induced stress-strain through the parameter 0 , which 

may be considered negligible. The third term adds the strain contribution due to 

the shape memory effect, sL, which is a function of the martensite fraction as shown
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in equation 2.2. Simple mixing rules are typically used to determine the overall 

Young’s modulus of elasticity as a function of the moduli of each phase as described 

by equation 2.3, where the subscripts A and M refer to the austenite and martensite 

phases respectively.

While Liang & Rogers consider only a single martensite fraction, Brinson dis

tinguished between the twinned and detwinned components of martensite, and 

respectively, in order to capture the stress-strain-temperature behaviour in greater 

detail. The two components are then summed to determine the total martensite 

fraction as in equation 2.4.

Various phase transformation equations have been explored, including exponential 

relationships proposed by Tanaka, shown in equations 2.5 and 2.6, and cosine rela

tionships used by Liang &; Rogers and Brinson, shown in equations 2.7 and 2.8. Each 

pair of equations represents the phase transformation from martensite-to-austenite 

and austenite-to-martensite, respectively, as indicated by the subscripts. The param

eters a a , a\f, bA, and b m in the Tanaka model are functions of the applied stress.

=  ~ E (O eL (2 .2 )

£(€) =  +  Ea (1 -  £) (2.3)

(2.4)

€m-+a = e'{aA(T-A,)+bAo) (2.5)

Za-+m = e(aMiT- Mf)+bMa) (2 .6)

(2.7)

(2 .8)



Furthermore, phase transformation occurs only within specific ranges of tempera

ture and applied stress, as described by equations 2.9 and 2.10. Equation 2.9 describes 

the conditions required for martensite-to-austenite transformation, where As and Aj  

are the stress-free start and finish phase transformation temperatures. Equation 2.10 

describes the conditions required for austenite-to-martensite transformation, where 

Ms and Mj  are the start and finish phase transformation temperatures under stress- 

free conditions.

Aa + £ - < T < A f  + £ -  (2.9)
'-'A

Mf + ^ - < T < M s + -^~  (2.10)

The influence of stress may be considered as causing a shift in the phase transfor

mation temperatures, which may be modeled linearly using the coefficients Ca and 

Cm as seen in the previous equations.

Similar thermodynamic models have also been developed by Ikuta [164], Lagoudas 

[165], Luo [166], and Elahinia [167]. Numerical modeling of shape memory alloy 

components has also been studied using these models in finite element analysis [168] 

[169] [170]. Furthermore, heat transfer analysis is often modeled in order to predict 

temperature based upon input power as well as account for losses due to convection 

and conduction.

Modeling of the electrical resistance may be accomplished by considering the con

ventional relationship between electrical resistance, R, resistivity, p, length, L, and 

cross-sectional area, A , described by equation 2.11 as well as the temperature depen

dence of resistivity described by equation 2.12. The resistivity is modeled as a linear 

function of temperature, where po is the value at a reference temperature, To, and a 

is the slop of the resistivity-temperature curve..
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p =  Po(l +  a ( T - T 0)) (2 . 12)

In addition, the change in length and area due to strain during phase transforma

tion and elastic loading may also be included within equation 2.11. The contraction 

in cross-sectional area during elongation of the wire may be considered by assuming 

either constant volume, as in equation 2.13, or transverse strain due to the Poisson 

effect, as in equation 2.14. The initial length and area are denoted by the subscript 

0, and v is the Poisson ratio of the material.

Considering the phase composition of the material, the overall resistivity is com

puted from the individual resitivities of each phase using a simple mixture rule as 

shown in equation 2.15.

Previously described models of the phase transformation relationships are typi

cally used to determine the martensite fraction and strain given the applied stress and 

temperature. The electrical resistivity may then be determined from the temperature 

and martensite fraction using equations 2.12 and 2.15, and the electrical resistance 

may be determined from the resistivity and strain using equation 2.13 or 2.14. How

ever, this approach requires the use of temperature feedback in order to provide an 

accurate estimation of the electrical resistance.

Various simplified models have been developed which capture the relationship 

between strain and electrical resistance for use in shape memory alloy sensors and 

actuators. Although more detailed descriptions will be given in subsequent sections 

of this chapter, many models employ a normalized resistance parameter defined by

(2.13)

R — ~~T~ (1 +  (1 +  2i/) e) (2.14)

(2.15)
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equation 2.16.

A = (2.16)
*^max min

The measured resistance is compared to the minimum and maximum resistance 

values, Rmin and Umax> respectively, in order to determine the normalized resistance, 

A. The relationship between resistance and strain is then often modeled as a function 

of A instead of R. It may even be possible to assume a direct correlation between 

normalized resistance and martensite fraction, as shown in equation 2.17.

A «  f  (2.17)

However, this correlation is only possible if there is an absence of R-phase during 

transformation, as seen in Ni-Ti-Cu alloys as well as Ni-Ti alloys under high stress 

conditions.

2.2 Position-Feedback Control

The application of shape memory alloy as an actuator has been well established, but 

the development of control algorithms for position control has continued to evolve 

with increasing complexity and greater use of combined feedback and feed-forward 

methods. Basic approaches to controlling shape memory alloy actuators involve the 

use of on-off control and axe often restricted to either zero or full contraction of the 

actuator. Open loop systems have also been investigated, with varying levels of volt

age or current used to generate varying steady-state displacement of the actuator. 

The highly non-linear and hysteretic behaviour of the material makes it difficult to 

build control algorithms using conventional approaches which are typically developed 

for linear systems. However, classical PID control algorithms have been applied with
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satisfactory results. In order to improve accuracy and response time, more sophisti-

network models.

The control algorithms presented in this section all make use of position feedback 

instead of electrical resistance feedback. However, the use of electrical resistance 

feedback in predicting position makes it possible to use these control methods without 

direct position feedback. Some algorithms employ thermodynamic models which may 

be redundant when using resistance feedback, but other approaches such as optimal, 

robust, and PID control may simply replace position feedback with the output of a 

resistance based position model.

The majority of position control algorithms for shape memory alloy actuators make 

use of a PID controller either alone or as part of a  more sophisticated control ar

chitecture. The PID control law is composed of three terms: proportional control, 

derivative control, and integral control. Proportional control applies an input signal 

proportional to the feedback error with gain Kp,  derivative control applies an input 

signal proportional to the derivative of the error with gain K d , and integral control 

applies an input signal proportional to the integral of the error with gain Ki.  Equa

tion 2.18 defines the total input signal, u, for a PID controller with error signal e. The 

error signal is defined as the difference between the actual position, x. and desired 

position, Xd, shown in equation 2.19.

cated control algorithms have also been investigated such as robust control and neural

2.2.1 P ID  C ontrollers

(2.18)

e =  x  — Xd (2.19)



43

The proportional and derivative terms serve to provide the control system with 

stiffness and damping, respectively, while the integral term allows the system to 

compensate for steady-state error. Control laws using combinations of P, PD, PI, 

or PID terms have been studied position control of shape memory alloy actuators. 

Madill and Wang applied the Ikuta model to a shape memory alloy actuator with 

constant bias load, then investigated P and PI control laws and showed that the 

system was stable for all Kp  > 0 using L2 stability criteria [171]. Barooah and Rey 

analyzed P, PI, and PID control as well as an adaptive control law developed by 

Dickinson and Wen, demonstrating successful position control of a variable-area jet 

engine nozzle as shown in [172]. Shameli et. al. simulated the use of PID control 

as well as PID-P3 control, in which a control term proportional to the error signal 

cubed was also included in order to improve performance and efficiency [173]. Singh 

et. al. applied PID control to the angular position control of a rotor blade trailing 

edge tab, as well as open loop control using the Brinson model to predict strain [174] 

as shown in Figure 20. The use of PID control for force control of a shape memory 

alloy actuator has also been studied by Teh and Featherstone [175]. Furthermore, 

PID control laws have been used in combination with feed-forward algorithms such 

as thermodynamic models, neural networks, and linearization methods.

2.2.2 L inearization

Although the behaviour of shape memory alloy actuators is highly non-linear, meth

ods of linearization have been studied in order to improve feedback position control 

algorithms. Arai et. al. developed a continuous mathematical model of the relation

ship between strain and temperature including the influence of stress, then applied the 

model in a feedback linearization approach for position control of a two-link micro

manipulator [176]. Benzaoui et. al. modeled the thermodynamic behaviour of shape
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Figure 20: Results of PID control investigated by Singh et. al. [174],

memory alloy using Helmholtz free energy and applied the model to position con

trol using input-output linearization based on Lie algebra [177]. Both position and 

force control of an actuator were successfully demonstrated using this linearization 

approach. The use of a linear quadratic regulator and extended Kalman filter has 

been investigated by Lee and Marvoidis for application in optimal position control of 

a shape memory alloy actuator [178], as shown in Figure 21. Jayender et. al. also ap

plied a linear quadratic regulator to provide optimal control through gain scheduling 

of a PI control law [179].

2.2.3 O ptim al &; R obust C ontrol

Various methods of improving the performance and efficiency of shape memory alloy 

actuators have been studied for position control using optimal and robust control laws. 

Variable structure control is a robust control method which consists of different control 

schemes or gain settings that are chosen depending upon the actuator’s position 

and velocity states. This method has been applied by Grant and Hayward [180]
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Figure 21: Results of position control using LQR linearized control law investigated 
by Lee and Marvoidis [178].

as well as Ashrafiuon et. al. [181] in order to maintain stable position control as 

well as maximize performance while avoiding overshoot. Song investigated the use 

of sliding mode control in order to provide a feed-forward control term in addition 

to a PD control law, improving robustness and decreasing overshoot [182]. Lee and 

Lee employed a non-linear time delay control law within a PID control system in 

order to minimize the effects of hysteresis such as limit cycle problems and input 

saturation [183], as shown in Figure 22. The resulting control law is compared to 

conventional PID control, PID control tuned using the Ziegler-Nichols method, and 

basic on-off relay control. Both H2 and H00 robust control algorithms have been 

investigated by Lee and Mavroidis [178] and Jayender et. al. [179], respectively, and 

show improved performance in the presence of perturbations.

2.2 .4  M odel-B ased  C ontrol

Improvements in controller performance have also been achieved using model-based 

position feedback control. Models of the thermomechanical behaviour of shape mem

ory alloy are typically used to predict the required voltage or current input in order 

to achieve a desired position. This signal is used as a feed-forward control term and
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Figure 22: Comparison of position control by Lee and Lee using PID control with 
Ziegler-Nichols tuning, time delay control, PID control based on time delay 
control, and relay control [183].

combined with position feedback control. Elahinia et. al. studied the use of the 

Liang & Rogers model and thermodynamic model in a backstepping feedback con

trol algorithm which computed required voltage input using position feedback [184]. 

Ashrafiuon et. al. also used the Liang & Rogers model within the variable structure 

control algorithm previously mentioned [181]. Majima et. al. achieved actuator po

sition control using the Brinson constitutive model along with a Preisach hysteresis 

model to describe the phase transformation process [185], as shown in Figure 23. The 

Preisach model parameters were identified for the actuator in order to predict the 

required voltage to reach a desired position, which was superimposed with a PID 

feedback control law. Wijst et. al. applied a simplified constitutive model including 

heat transfer to predict required input power, which was used in combination with 

a PI feedback control law in order to achieve position control of an actuator [186]. 

Dutta et. al. modeled the phase transformation processes using a Duhem differential 

hysteresis model, which was then used to provide an inverse compensation term along
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Figure 23: Comparison of PID control (left) and model based control (right) studied 
by Majima et. al. [185].

with PD feedback control [187]. Ahn and Kha studied the use of a fuzzy Preisach 

model to capture the hysteresis behaviour and predict the required input current for 

actuator position control [188]. Both forward and inverse fuzzy Preisach models were 

structured within an internal model control law which was driven by position feed

back. Dnmez et. al. investigated the use of a  simple linear model based upon the 

relationship between applied current and strain. The current-strain model was then 

inverted in order to predict the required input current, which was combined with a 

PI feedback control law [189].

2.2.5 Learning-Based C ontrol

Modeling the behaviour of shape memory alloy actuators using learning algorithms 

has been studied and applied to position control as well. The non-linear and hysteretic 

behaviour of the material may be captured using methods such as artificial neural 

networks or fuzzy logic. Models based on these methods are then used to generate 

feed-forward control terms which may be combined with feedback control to improve 

actuator performance. Artificial neural networks are the most popular method for
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modeling the hysteresis behaviour of shape memory alloy actuators. Song et. al. 

have investigated both forward and inverse neural network models of the relationship 

between input voltage and output strain of an actuator [190] as shown in Figure 

24. The inverse neural network model was then applied in feed-forward position 

control with and without PD feedback control [191]. Stevens and Buckner used 

a similar inverse neural network model of the relationship between input voltage 

and position to control a 2-DOF miniature surgical robot driven by shape memory 

alloy actuators [192]. Donmez modeled the relationship between strain and applied 

current using a neural network model, which was then used for feed-forward position 

control of an actuator [189]. Fuzzy logic has also been used to  model the hysteresis 

behaviour of shape memory alloy actuators. Kumagai et. al. developed an actuator 

control algorithm using fuzzy logic to predict the required input voltage for feed

forward control in combination with PD feedback control [193]. Maffiodo et. al. also 

studied the use of fuzzy logic for combined feed-forward and PD feedback control 

[194]. Tchoupo and Leang applied an iterative learning control algorithm to train 

and stabilize a Preisach model which was used to provide feed-forward control of an 

actuator along with a proportional feedback control law [195].

2.3 R esistance-Feedback Control

The focus of the research presented in this thesis is position control of shape memory 

alloy actuators using feedback of electrical resistance and applied stress. As previously 

mentioned, this approach allows position control to be achieved without the need for 

position feedback using cumbersome sensors. Position control using resistance feed

back has been studied using a variety of models, most of which are based upon linear 

or polynomial curve fits. The hysteresis effect within the resistance-strain relationship 

is typically much smaller than within the temperature-strain relationship. However,
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Figure 24: Performance of the neural network based controller developed by Song 
et. al. [190].

the presence of R-phase during phase transformation causes a significant hysteresis 

within the resistance-strain relationship, which tends to shrink with increasing ap

plied stress. Therefore, the impact of R-phase is often avoided either by applying a 

high enough load or using a Ni-Ti-Cu alloy, which does not experience the presence of 

R-phase during phase transformation [151]. Figure 25 shows the hysteresis gap as a 

function of the quantity of copper addition. Some models include hysteresis effects by 

using both heating and cooling paths, or a differential hysteresis model. Furthermore, 

artificial neural networks have also been used to capture the non-linear hysteresis due 

to R-phase within the resistance-strain relationship. Most applications of resistance 

feedback position control employ a position control algorithm such as those previously 

described, with the majority using a PID control law. Instead of position feedback 

using a position sensor, the position is predicted using a model based on electrical 

resistance.
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Figure 25: Hysteresis gap as for Ni-Ti alloys with various quantities of copper 
addition [151].

2.3.1 Linear M odels

The relationship between electrical resistance and strain in a shape memory alloy ac

tuator may be approximated using a linear model as described previously. However, 

linear approximations assume no R-phase is present during phase transformation, and 

are typically only applicable for a single bias load or spring stiffness. Ikuta et. al. 

demonstrated antagonistic shape memory alloy actuator control of an active endo

scope using electrical resistance feedback. The linear normalized model of electrical 

resistance was applied using equations 2.16 and 2.17, and the predicted position was 

used for feedback in a PID control law for each actuator [150]. Yang and Gu used a 

similar approach for controlling a single shape memory alloy actuator under the same 

assumptions of a linear model, but controlled the electrical resistance instead of strain 

through a P control law [152]. Neugebauer et. al. developed a  control algorithm with 

feedback linearization using an energy based thermomechanical model and a linear 

resistance-strain relationship for position feedback of a Ni-Ti-Cu alloy actuator [157],



51

actual

'reference
j= 6

8040
time [s]

F igure 26: Control performance using the linear model studied by Neugebauer et. 
al. [157],

as shown in Figure 26. Urata et. al. applied a linear model of the resistance-stress- 

strain relationship for antagonistic position and force control of shape memory alloy 

actuators [153]. Hysteresis effects were avoided by restricting the range of motion of 

the actuators to a region in which the linear model applied.

2.3.2 P olynom ial M odels

An improvement upon linear models is the use of polynomial functions to model the 

resistance-strain behaviour of shape memory alloy actuators. Many polynomial mod

els have been used in resistance-feedback control algorithms, but most do not model 

hysteresis effects and assume no R-phase is present. Arai et. al. used a fourth- 

order polynomial to model the relationship between electrical resistance and actuator 

strain [196]. Position control was then accomplished using a  PID controller which 

maintained a desired electrical resistance according to the model. Lan and Fan mod

eled the resistance-strain relationship of an actuator using sixth-order polynomials 

for both heating and cooling paths [136], as shown in Figure 27. An appropriate load 

was chosen to minimize hysteresis so that the heating and cooling paths could be
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Figure 27: Control performance using the polynomial model studied by Lan and

averaged, resulting in a single polynomial which was used to predict strain in a fuzzy- 

tuned PID control law [197]. Shi et. al. used fourth-order polynomials to model the 

resistance-strain relationship during heating and cooling, and studied position control 

using a PID control law with feedback of the predicted strain [156]. Zhang and Yin 

developed third-order polynomials of the resistance-length heating and cooling be

haviour from constitutive relationships of resistivity, temperature, stress, and strain, 

as well as thermodynamic and stiffness models [158]. Similar to previous research, 

the heating and cooling paths were averaged at a high enough load condition to avoid 

the presence of R-phase, and used to predict strain for a  PID feedback control law. 

Pons et. al. model the resistance-strain relationship of a shape memory alloy actu

ator using a third-order polynomial and apply the model to a PI feedback control 

law [198]. Again, the applied load is chosen to minimize the hysteresis effects and 

allow a single curve to be used.

Fan [136].
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2.3.3 H ysteresis C om pensation

As previously described, most applications of resistance feedback control avoid the 

effects of hysteresis due to the presence of R-phase either through application of suf

ficient stress, or selection of an alloy with a copper addition. However, some methods 

of compensating for hysteresis effects have been developed for resistance feedback 

control. Meier et. al. developed a control system which models the resistance-strain 

relationship of an actuator using linear curves for heating and cooling [154], Position 

control is achieved using a PID control law which switches between the two curves 

depending upon whether the actuator is being heated or cooled. Liu et. al. employed 

a Duhem differential hysteresis model along with a set of second- and third-order 

polynomials to predict actuator strain for a PID feedback control law [164] [155], as 

shown in Figure 28. Although the model was developed for a  voltage-displacement 

relationship, the applied voltage is directly related to the electrical resistance and 

exhibits similar behaviour. The previously mentioned polynomial model developed 

by Shi et. al. included separate heating and cooling curves, but no details were 

given regarding the switching method [156]. Another method of handling hysteresis 

compensation for resistance feedback control is the use of artificial neural networks, 

which are discussed next.

2.3.4  N eural N etw ork  C ontrol

Artificial neural networks have been applied to shape memory alloy actuator position 

feedback control, as previously discussed, and are also useful for predictive modeling of 

the resistance-strain relationship. Ma et. al. investigated the use of an artificial neural 

network model of the resistance-strain relationship of an actuator, but accounting only 

for the major hysteresis loop behaviour [160], as shown in Figure 29. The predicted 

strain was then used within a PD feedback control law to achieve position control.
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Figure 28: Comparison of control with and without compensation of the hysteresis 
effects as studied by Liu et. al. [155].

Asua et. al. also applied a neural network model for position control of an actuator, 

but were able to capture both major and minor hysteresis loop behaviour within the 

model [161]. Feedback of the predicted strain was used within a  PID feedback control 

law.

2.4 Research C ontributions

This thesis presents unique research into the use of electrical resistance feedback 

for modeling and control of a shape memory alloy actuator including the influence 

of applied stress. The previously discussed resistance feedback control algorithms 

suffer from two main drawbacks: the hysteresis effects due to the presence of R-phase 

during phase transformation, and the impact of applied stress upon the resistance- 

strain curves. Although each of these issues has been addressed independently, a 

complete model which accounts for hysteresis as well as varying stress has not been 

developed for resistance feedback control. Furthermore, many of the resistance-strain 

models which have been developed are not generalized for different applications. Two 

separate models of the resistance-stress-strain behaviour were developed for Flexinol 

Ni-Ti and Furukawa Ni-Ti-Cu alloys. The Flexinol alloy showed significant hysteresis



55

s
 the S M A  d is p la c e m e n t
— - ihc d e s ired  d is p l.ic e n tc n i7

:>

4
0

0

KM) 150 200 250 300 350 40050
t ime(s )

Figure 29: Results of position control using neural network model developed by Ma 
et. al. [160].

behaviour caused by the occurrence of R-phase, whereas the Furukawa alloy did not.

The Flexinol Ni-Ti alloy that was studied showed significant hysteresis behaviour 

due to the presence of R-phase during phase transformation. Many investigations 

of position control using resistance feedback were only applicable when no R-phase 

was present, which occurs at high levels of applied stress and for certain alloys such 

as Ni-Ti-Cu. Heating and cooling resistance-strain curves were used to model the 

hysteresis effects by Meier et. al. [154] and Shi et. al. [156], but only for conditions 

where these effects were minimized and only under a single applied load. Larger 

hysteresis effects were modeled using a Duhem differential model by Liu et. al. [155], 

and using artificial neural networks by Song and Liu [159] and Asua et. al. [161]. 

However, these models were also only applicable for a single applied load condition.

Modeling of the resistance-strain relationship for Flexinol was accomplished using 

separate linear functions for the heating and cooling curves of the major hysteresis 

loop. An exponential curve was used to model the intermediary change in resistance
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and strain which connected the heating and cooling curves to complete the hysteresis 

loop. Minor hysteresis loops were captured by the model using these same exponential 

curves. Therefore, the model presented in this research for a Ni-Ti alloy captures the 

hysteresis effects due to R-phase, including both major and minor loops. Negligible 

hysteresis effects were observed in the behaviour of the Furukawa Ni-Ti-Cu alloy 

since no R-phase was present during phase transformation. Successful modeling of 

the resistance-strain behaviour was accomplished using a polynomial function which 

was averaged from heating and cooling curves. This approach has also been used by 

Lan and Fan [136], Zhang and Lin [158], and Pons et. al. [198], but for only a single 

applied load condition in each case.

Both models successfully capture the influence of applied stress upon the 

resistance-strain relationship. Previous methods of position control using resistance 

feedback have been restricted to a single load condition from a constant weight or 

spring. Urata et. al. included the influence of applied load within a model of the 

resistance-length relationship, however, this model is linear and does not capture the 

hysteresis effect [153]. Zhang and Yin also included the influence of applied stress 

within a constitutive model from which a polynomial resistance-stress-length relation

ship was derived [158]. However, the model depended upon the absence of R-phase 

and only a single applied load was considered during position control. The models 

developed for Flexinol and Furukawa alloys each include the influence of applied stress 

upon the coefficients used to model the resistance-strain behaviour. Position control 

of an actuator under varying load conditions was also successfully demonstrated using 

each model.

The models were also normalized with respect to the actuator geometry in order 

to provide a generalized representation for a specific material. Identification of the 

model parameters for a given alloy or production run may be performed on a sample 

of the material and then applied to actuators with different wire sizes. Although
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normalized resistance and displacement have been used as parameters in many models 

developed for position control algorithms [150] [152] [157] [136] [197] [156], they were 

not generalized in terms of applied stress.

Modeling of the Flexinol Ni-Ti and Furukawa Ni-Ti-Cu alloys in terms of electrical 

resistance, applied stress, and strain was successfully accomplished and applied to a 

simple position control algorithm for a shape memory alloy actuator under varying 

load conditions. The use of electrical resistance feedback greatly reduces the mass, 

volume, and complexity of the actuator system by eliminating the need for a position 

sensor. Therefore, the models developed and presented in this thesis are well suited for 

application in robotic and aerospace systems. For example, the use of shape memory 

alloys for simple appendages or deployable instruments on spacecraft may benefit 

from the application of these models in order to provide feedback of the position. 

Robotic manipulators using shape memory alloy actuators may also employ these 

models in order to provide position feedback of the joint angles.



Chapter 3

Experim ental Setup

A laboratory bench-top setup was used for characterizing the behaviour of both alloys 

and evaluating the performance of the models developed within a position control al

gorithm. The experimental setup was provided by the Canadian Space Agency and 

arranged in the Materials Sz Thermal Analysis laboratory at the John H. Chapman 

Space Centre. The purpose of the setup was to provide a frame for vertically suspend

ing a shape memory alloy actuator wire loaded using either a  bias mass or spring, 

and enable measurement of the actuator displacement, applied load, and electrical 

resistance. Actuator displacement was measured using a linear variable displacement 

transducer and the applied load was measured using a load cell. The actuator re

sistance was determined from measurements of the total applied voltage as well as 

the voltage across a reference resistor. Voltage outputs for the measurements of dis

placement, applied load, and resistance were captured by a data  acquisition system, 

while applied power input to the actuator wire was provided by a controllable DC 

power supply. Both the power supply and data acquisition system were monitored 

and controlled using National Instruments LabView software.

58
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3.1 Test Stand

The supporting test stand was composed of an aluminum structure with a flat plate at 

the base and a platform at the top from which the actuator wire was hung. Extrusions 

midway along the test stand provided a channel in which the LVDT position sensor 

could be mounted and fixed using set screws. The load cell was mounted on the 

underside of the upper platform and provided the attachment point for the actuator 

wire, where a universal joint was used to reduce bending. A second platform near 

the base could be connected in order to allow the installation of a bias spring whose 

position was adjusted using a threaded rod. Figure 30 shows the test stand with load 

cell mounting (A), LVDT mounting (B), and bias spring mounting (C).

3.2 W ire M ounting

Actuator wire samples were cut to desired lengths and each end was crimped within 

a TE Connectivity brass rectangular terminal (#61653-1). One terminal end of the 

actuator wire was connected by a screw to a rod end mounted at the end of the 

universal joint hanging from the load cell. The other terminal end of the actuator 

wire was connected by a screw to another rod end which was mounted to the LVDT 

probe. Lead wires with ends crimped within the same terminals were also mounted in 

between each actuator wire terminal and rod end in order to provide power. The rod 

ends were fabricated from Nylon in order to provide electrical insulation between the 

actuator wire and test stand. Figure 31 shows the actuator wire mounted between 

the rod ends on the test stand.



Figure 30: Test stand with load cell mounting (A), LVDT mounting (B), and bias 
spring mounting (C).
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F igure 31: Actuator wire mounting.

3.3 D isplacem ent Transducer

Displacement of the actuator wire was measured using a Solartron Metrology S-Series 

linear variable displacement transducer. This type of transducer consists of a nickel- 

iron core which moves along a single direction inside a cylindrical housing. Coils 

of wire wound around the housing experience induced voltages and produce a net 

signal that is linearly proportional to the core position within a specified range of 

motion. The core was attached to a rod and passed freely through the sensor body 

without touching the interior sides. This probe was then attached to the free end 

of the shape memory alloy actuator wire in order to provide a measurement of the 

actuator displacement. The transducer body was mounted within the extrusions on 

the test stand using set screws as shown in Figure 32, and could be shifted in order 

to position the sensor for different actuator lengths.

Excitation power was required for the LVDT sensor and provided by a 10 V DC 

power supply. Both power supply and output signal pass through a single pair of 

wires, where the output signal was in the form of a varying output current with a



62

F igure 32: Solartron LVDT displacement transducer mounted on test stand.

range of 4-20 mA. This output current was determined by measuring the voltage 

across a 10 D reference resistor placed in series after the transducer. The Solartron 

S-Series model used in the experimental setup had a measurement travel range of 

5 mm and a resolution of approximately 0.1 fim. Displacement, 6, was therefore 

determined from the measured current, I, according to equation 3.1.

S = mgl + b$ (3.1)

The expected coefficients mg and bg were determined from the expected output 

current and travel range. However, experimental calibration of the LVDT output was 

performed in order to ensure accurate measurement of the actuator position. Note 

that the reference position for the LVDT may be defined according to any desired 

datum while the slope of the current-position curve remains fixed. The reference po

sition for the core probe was defined as the point at which the core was completely 

inserted into the body. Calibration was then achieved by hanging the probe at a static 

position and shifting the sensor body with respect to the frame. A digital micrometer
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Coefficient Expected Calibrated

ms (mm/A) 312.50 315.84

bs (mm) -1.25 -1.26

Table 1: Expected and calibrated coefficients for LVDT position output.

was used to measure the position of the sensor body in order to  determine the rela

tive displacement of the core. Table 1 summarizes the expected and experimentally 

determined coefficients defining the linear current-position relationship.

3.4 Load Cell

The applied load was measured using a Futek LRF300 low profile tension and com

pression load cell. This model is an in-line rectangular load cell with female threaded 

connections on opposite ends of the housing. The load cell was placed in between 

the test stand upper platform and the shape memory alloy actuator as shown in Fig

ure 33, providing a measurement of the tension in the actuator wire. Strain gauges 

within the aluminum housing are arranged in a Wheatstone bridge configuration and 

calibrated to output a voltage linearly proportional to the applied load.

The load cell was connected to an Ectron 563H transducer conditioner-amplifier as 

shown in Figure 34, which reduced noise and amplified the signal as well as provided 

an excitation voltage of 10 V. The output voltage, V , from the amplifier was measured 

by the data acquisition system and used to determine the applied load, F, according 

to equation 3.2.

F = m FV  +  bF (3.2)

The coefficients m F and bF were determined through experimental calibration 

since the slope and offset of the linear voltage-load relationship depended upon the 

manually adjusted settings of the amplifier. Calibration was achieved by hanging



Figure 33: Futek LRF300 load cell mounted on test

F igure 34: Ectron 563H conditioner-amplifier.
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a series of known laboratory reference masses from the load cell and recording the 

output at each load setting. This calibration process was performed before each 

new experimental session due to drift accumulating within the amplifier signal. In 

addition to the tension experienced by the actuator wire, the load cell also measured 

the weight of the parts which connect the wire to the sensor, including the clamping 

screw and rod end, universal joint, bolt adaptor, and connecting bolts. Furthermore, 

the weight of the LVDT probe was also included in the applied load on the actuator. 

However, when performing calibration a different configuration was used to hang the 

masses from the load cell, including the hook end, universal joint, bolt adaptor, and 

connecting bolts. The additional weight due these parts was considered during both 

calibration and application of the load cell.

The electrical resistance of the shape memory alloy actuator wire was determined from 

measurements of the applied voltage and current. The voltage across a l f l  reference 

resistor in series with the actuator wire was used to measure the applied current, 

while the total voltage applied to the circuit was used to measure the applied voltage. 

From the total applied voltage, Vnet, and the voltage across the reference resistor, 

VTef, the resistance of the actuator wire, Rs m a , was determined from equation 3.3, 

where Rref  is the resistance of the reference resistor.

Construction of the circuit also included a series of lead wires, one pair of which 

connected the circuit input to the DC power supply and another which connected the 

actuator wire to the circuit. Figure 35 shows the simplified circuit diagram including

3.5 Electrical R esistance Feedback

(3.3)
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Figure 35: Resistance measurement circuit diagram.

the reference resistor, lead resistance, and actuator wire resistance. Measurement 

of the total applied voltage was achieved at the circuit, and therefore losses in the 

lead wires connecting the DC power supply were ignored. However, the losses in 

the lead wires connecting the actuator wire could not be ignored and were measured 

by removing the actuator wire and calculating the resistance of the shorted circuit. 

Therefore, the actual resistance of the actuator wire was determined from equation 

3.4, which includes the lead wire resistance, Riead-

It should also be noted that the computation of the actuator resistance requires 

division by the reference resistor voltage, Vref,  which was maintained above zero in 

order to avoid division by zero in equation 3.4. Furthermore, noise within the reference 

voltage signal was greatly amplified within the measurement of the actuator resistance

low. Therefore, the total applied voltage was always maintained above a threshold 

level which was high enough to avoid noise during cooling and low enough to avoid 

undesired actuation or unsatisfactory cooling response time.

(3.4)

if the reference voltage was low, which occurred when the total applied voltage was
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Figure 36: National Instruments PXI-1033 chassis with PXI-4110, PXI-6220, and 
PXI-4070 modules.

3.6 D ata A cquisition

Sensor measurement and power supply control was achieved using a data acquisition 

system composed of primarily National Instruments (NI) hardware and software. At 

the centre of the data acquisition system was a NI PXI-1033 chassis which acted as 

a hub for up to five separate peripheral modules. This main chassis was connected 

to a Dell Precision 690 computer through a PCIe-8361 data acquisition card which 

permitted input/output communication for measurement and control. Within the 

PXI-1033 chassis are three peripheral modules: the NI PXI-4110 Programmable DC 

Power Supply, an NI PXI-4070 Digital Multimeter, and an NI PXI-6220 Multifunction 

Data Acquisition Module. Figure 36 shows the PXI-1033 chassis with the peripheral 

modules installed, including two extra PXI-4110 power supply modules.

The PXI-6220 data acquisition module was connected to an NI SCXI-1000 chassis, 

which houses up to four peripheral signal acquisition and conditioning modules. Two 

modules were connected within the SCXI-1000 chassis: an NI SCXI-1102B 32-channel 

Thermocouple/Voltage Input Module, and an NI SCXI-1122 16-channel Multiplexer 

Module, as shown in Figure 37. Terminal blocks SCXI-1303 and SCXI-1322 were
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Figure 37: National Instruments SCXI-1000 chassis with SCXI-1102B and SCXI- 
1122 modules.

mounted to the SCXI-1102B and SCXI-1122 modules, respectively. The SCXI-1122 

module was not designed to sample multiple channels simultaneously, therefore the 

SCXI-1102B module was used to acquire data from the LVDT sensor and load cell, as 

well as the voltage measurements for resistance feedback. The PXI-4070 multimeter 

module was not used since the electrical resistance of the actuator wire was deter

mined using the method described previously. Figure 38 shows the complete National 

Instruments data acquisition and power supply system as well as the Ectron signal 

conditioner.

The data acquisition system was configured within NI Measurement and Automa

tion Explorer (MAX) in a Windows XP operating environment, where the system 

architecture was prescribed and input/output channels were tested and pre-defined. 

Programs were created in NI LabView 7.1 for experimental characterization of the 

actuator wire, position control using resistance feedback models, and sensor calibra

tion. Sampling of the measured signals was performed at 1000 Hz, while intervals 

of 50 samples were averaged in order to reduce noise. This resulted in an effective 

sampling rate of 20 Hz. Data was recorded in tab-delimited ASCII files which are
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Figure 38: Data acquisition, signal conditioning, and power supply system.

compatible with any text reader, and post-processing of the data was mainly per

formed in Mathworks MATLAB as well as Microsoft Excel.

3.7 Power Supply

Power was supplied to the shape memory alloy actuator as well as to the LVDT sensor 

using a National Instruments PXI-4110 Programmable DC Power Supply, which is 

a modular component integrated within the PXI-1033 chassis described previously. 

The PXI-4110 power supply has three channels, one of which provides up to 1 A at 6 

V and the other two provide up to 1 A at 20 V. Either applied voltage or current could 

be precisely controlled and monitored within the LabView data acquisition and signal 

processing software. Voltage and current measurements had resolutions of 0.06 mV 

and 0.02 mA, respectively, for the 6 V channel, and resolutions of 0.20 mV and 0.02 

mA for the 20 V channels. The typical response time was approximately 1 ms, and 

the control and measurement sampling rate was approximately 300 Hz. Heating of 

the shape memory alloy actuator was typically performed using a controlled current 

amplitude while allowing the voltage to change according to the change in actuator
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Figure 39: Diagram of the experimental setup.

resistance. The use of current control instead of voltage control was employed in 

order to more easily accommodate actuators of varying length, and a bias current 

level of 0.05 A was used in order to mitigate the noise and singularity problem when 

determining actuator resistance.

A diagram of the experimental setup is shown in Figure 39, where the major 

components and their connection through the data acquisition and power supply 

systems are highlighted.



Chapter 4

M aterial C haracterization

Experimental characterization of the Flexinol and Furukawa alloys was performed in 

order to evaluate the relationships between electrical resistance, applied stress, and 

strain. These relationships were modeled and used within an actuator position con

trol algorithm, therefore characterization was focused on studying the behaviour of 

the alloys within the same context. This required that the fundamental relationships 

between electrical resistance and strain be well understood, as well as the influence 

of applied stress upon these relationships. The behaviour of the shape memory alloy 

actuator wire during minor hysteresis loops is also an important feature that must 

be captured. Minor hysteresis loops occur due to incomplete activation of the mate

rial, and must be represented within the model in order to provide smooth actuator 

position control during incomplete actuation.

The Ni-Ti Flexinol alloy demonstrated significant hysteresis behaviour due to 

R-phase, and required close examination of the major and minor hysteresis loops. 

Conversely, the Furukawa alloy showed relatively negligible hysteresis effects during 

the majority of the activation range and demanded less attention to minor hysteresis 

loops during incomplete actuation. Characterization of the minor hysteresis loops 

was therefore more important when studying the behaviour of the Flexinol alloy. 

The influence of applied stress upon the resistance-strain relationships was studied
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by examining the behaviour of the alloys under a set of constant loads as well as 

under spring constraint loading. Most of the experiments used for characterization 

consisted of open-loop activation of the actuator wire or the use of a simple on-off 

control law based on position feedback.

4.1 Flexinol

The Ni-Ti Flexinol alloy is a Nitinol alloy with a composition of approximately 50% 

nickel and 50% titanium that is developed and manufactured by Dynalloy, and avail

able in both ribbon and wire form of various dimensions. Both low temperature (70 

°C) and high temperature (90 °C) Flexinol alloy is available, referring to the temper

atures required to cause phase transformation. Only the low temperature wire form 

of Flexinol shape memory alloy was studied in this research with a diameter of 0.006 

inches. This alloy demonstrates significant hysteresis behaviour which indicates the 

presence of R-phase during phase transformation. Furthermore, there was a signifi

cant dependency between the size of the hysteresis effects caused by R-phase and the 

applied load.

4.1 .1  R esistan ce-D isp lacem en t B ehaviour

The fundamental resistance-displacement behaviour of Flexinol alloy as an actuator 

wire was characterized in order to study the major hysteresis loop. Actuator wire 

samples were mounted and loaded by hanging a weight at the end of the LVDT probe. 

The resistance-displacement relationship was then observed and recorded by applying 

a square pulse of electric current, where the amplitude and duration of the pulse were 

controlled in order to achieve moderate actuation speed and ensure complete actua

tion. As previously discussed, a bias level of power input was used in order to allow
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Figure 40: Major hysteresis loop resistance-displacement behaviour of Flexinol ac
tuator wire.

measurement of the electrical resistance even when heating was not required. Cool

ing occurred passively due to heat loss to the surroundings and resulted in resetting 

the actuator wire due to the applied load. The resulting measurements of electrical 

resistance and actuator displacement then demonstrate the fundamental behaviour 

of the Ni-Ti Flexinol alloy as shown in Figure 40 where a  load of approximately 0.96 

N was applied.

During heating, the electrical resistance of the Flexinol actuator wire showed an 

initial increase (from a to b) and then a decreasing trend as phase transformation from 

martensite to austenite took place and the actuator contracted (from b to c). After 

complete actuation, the electrical resistance again tended to  increase until heating 

stopped. The increase in electrical resistance at the beginning and end of the heating 

phase was due to the temperature dependence of electrical resistivity described in 

equation 2.12, while the overall decrease in electrical resistance throughout actuation 

was due to the strain dependence of electrical resistance described using equation
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Figure 41: Major hysteresis loop resistivity-strain behaviour of Flexinol actuator 
wire.

2.13 or 2.14. Although there are highly non-linear and indeterminate regions at the 

beginning and end of the resistance-strain curve during heating, the overall trend 

appeared to be linear.

Cooling of the actuator wire caused the electrical resistance to decrease initially 

due to previous heating past the point of full actuation (from c to d). Following 

this initial decrease, the resistance then increased sharply over a small portion of the 

actuation range (from d to e) before following another linear trend and increasing 

throughout the majority of the actuation range. The initial sharp increase in re

sistance is due to the intermediary phase transformation from austenite to R-phase, 

while the transformation from R-phase to martensite occurs throughout the remainder 

of the cooling curve. As the actuator wire experienced reverse phase transformation 

and approached full extension, another region of decreasing electrical resistance was 

observed before returning to the initial point.

Figure 41 shows a plot of the actuator strain versus electrical resistivity for the
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same case as shown in Figure 40. During heating, not only did the electrical resistance 

decrease overall as expected for any material in contraction, but the electrical resis

tivity decreased overall as well. The change in electrical resistivity resulted from the 

phase transformation during activation and from the influence of temperature upon 

the resistivities of each phase. Differences in the critical transformation temperatures 

for forward and reverse martensiste-austenite phase transformation also caused a shift 

in the electrical resistivity between the heating and cooling curves.

The characteristic hysteresis observed in the resistance-displacement response of 

Ni-Ti shape memory alloy is due to the combined effect of differences between the 

heating and cooling transformation temperatures and differences in the resistivities 

of each constituent phase as well as the large strain due to the shape memory effect. 

These properties cause significant variations in the electrical resistance during forward 

and reverse phase transformation, which leads to the curves shown in Figures 40 and 

41. Figure 42 shows the resistance-displacement response (with actuator length, L, 

instead of displacement), as well as lines representing constant electrical resistivity 

for each phase at critical transformation temperatures.

Initially, the actuator is near the martensite finish temperature, My, (at point a) 

and is then heated until reaching the austenite start temperature, A s, where phase 

transformation begins (at point b). As the actuator is heated from the austenite start 

temperature to the austenite finish temperature, Af,  the resistivity of the material 

shifts from the resistivity of martensite, pm, to the resistivity of austenite, pA, and 

the wire contracts as it reaches point c. The actuator is then cooled until reaching 

the R-phase start temperature, Rs, (at point d) where transformation begins as the 

resistivity shifts from the resistivity of austenite to the resistivity of R-phase. De

pending upon the level of applied stress, the actuator reaches the martensite start 

temperature during transformation from austenite to R-phase (at point e), and be

gins transformation from R-phase (and any remaining austenite) back to martensite,
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L

Figure 42: Simplified resistance-displacement response including lines of constant re
sistivity for martensite at M/ (dark blue), martensite at A s (light blue), austen
ite at Af  (red), austenite at Rs (orange), and R-phase a t Ms (purple).

extending and returning to point a. Note that the lines of constant resistivity all 

meet at the origin since the resistance of the actuator wire is linearly dependent upon 

the length (with no offset).

4.1.2 Influence o f A pp lied  S tress

Development of a comprehensive model for resistance feedback control of shape mem

ory alloy actuators requires that the effect of applied stress be captured in order to 

handle varying load conditions. The influence of applied stress upon the relationship 

between electrical resistance and actuator displacement was studied by examining 

the resistance-displacement curves under various load conditions. A set of constant 

weights which vary from 10 g to 1 kg were used to apply constant loads, while various 

springs could be used to apply varying load. Selection of the applied weight or spring 

stiffness was performed with consideration of the stress limits of the shape memory
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F igure 43: Influence of stress upon the resistance-displacement behaviour of Flexinol 
actuator wire.

alloy material. Although the yield strength of the Ni-Ti Flexinol alloy is approxi

mately 350 MPa, the applied stress should never exceed approximately 175 MPa in 

order to ensure actuation is repeatable and the shape memory effect is retained.

The influence of applied stress upon the resistance-strain relationship of Flexinol 

actuator wire was studied by applying the same open-loop activation pulse described 

previously. Major hysteresis loops were observed and recorded during activation of 

the wire under each constant applied load, which varied from 0 to 300 g plus the 

additional weight of the LVDT probe (28 g). The resulting resistance-displacement 

behaviour of the actuator wire at various levels of applied stress was then compiled 

and demonstrated in Figure 43, where the colour of the lines represent the level of 

stress increasing from blue to red. Figure 44 highlights the separate heating and 

cooling curves at each level of applied stress.
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Figure 44: Influence of stress upon the heating and cooling curves of Flexinol actu
ator wire.

Both the electrical resistance and actuator displacement were affected by the vari

ation of applied stress, which was expected since there is a dependence between ap

plied stress and strain as well as between displacement and electrical resistance. The 

actuator displacement at zero and full actuation positions increased with increasing 

applied stress, and the electrical resistance at each limit also increased with increasing 

applied stress. The increase in actuator displacement is due to the combined effect of 

elastic mechanical strain, which follows Hooke’s law but with non-constant Young’s 

modulus as in equation 2.3, and actuation contraction due to the shape memory ef

fect. The increase in electrical resistance is due to the combined effect of increasing 

strain and increasing electrical resistivity. Electrical resistivity increased due to the 

increase in temperature at the beginning and end of phase transformation. This is 

also expected since the critical start and finish phase transformation temperatures all 

increase with increasing applied stress according to equations 2.9 and 2.10, therefore 

requiring higher temperatures for actuation.
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The most distinctive and significant effect of varying the applied stress was the 

change in the shape of the major hysteresis loop. While the resistance-strain curve 

during heating remained relatively similar with increasing applied stress, the cooling 

curve tended to shift towards the heating curve. This shift in the cooling curve 

demonstrates a reduction in R-phase occurrence during phase transformation with 

increasing applied stress, which has also been reported in previous research. The 

previously described temperature dependence of electrical resistivity is also a cause 

of the shift in the heating and cooling curves.

4.1 .3  M inor H ysteresis Loops

The overall major hysteresis loop within the resistance-displacement relationship of 

the Flexinol alloy represents the behaviour during complete actuation. However, 

position control of a shape memory alloy actuator depends upon the use of partial 

actuation in order to achieve a specific desired position within the range of motion. 

The behaviour of the actuator wire during incomplete activation was therefore stud

ied in order to include the minor hysteresis loop effects within the model that was 

developed. Examination of the minor hysteresis loop behaviour was achieved by ac

tuating the wire under a constant load through a series of position test points, with 

on-off control applied using position feedback. The test points were uniformly spaced 

between two positions bounded by the actuator stroke limits, and arranged in a list 

of set points which was referenced for position control. Partial actuation was then 

achieved between each possible pair of test points, including both incomplete heating 

and cooling of the actuator wire. Figure 45 shows the resulting minor hysteresis paths 

generated by incomplete actuation for a constant applied load of approximately 1.26 

N. The minor hysteresis behaviour is further highlighted in Figure 46, where the data 

is reduced for clarity.

The behaviour of the minor hysteresis paths during cooling is similar to that of the
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Figure 45: Minor hysteresis loop behaviour of Flexinol actuator wire.

major hysteresis path, with an initial sudden increase in electrical resistance which 

exponentially approaches the primary cooling path. A similar trend was observed in 

the minor hysteresis path during heating, where there is a sudden decrease in electrical 

resistance which exponentially approaches the primary heating path. This effect is 

primarily due to the presence of R-phase as well as the temperature dependence 

of electrical resistivity. Furthermore, if the initial strain a t the onset of heating 

is high enough, a non-linear indeterminate region of increasing resistance appears 

before approaching the primary heating path, similar to the behaviour of the major 

hysteresis loop.

Minor hysteresis loop behaviour may be considered independent of the applied 

stress. The heating and cooling curves during incomplete activation tend to exponen

tially approach the primary heating and cooling curves of the major hysteresis loop, 

which vary according to the applied stress as previously demonstrated. The minor 

hysteresis loop behaviour may therefore be described separately from the heating and
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Figure 46: Minor hysteresis loop behaviour of Flexinol actuator wire (reduced), 

cooling curves of the major hysteresis loop.

4.1 .4  Training &; Fatigue

Shape memory alloy actuators which are operated under cyclic loading suffer from 

moderate fatigue throughout extended use. The accumulation rate of fatigue due 

to cyclic loading is high for an initial number of cycles, which usually ranges from 

approximately 30-50 cycles. Additional fatigue accumulates at a slower rate, but 

nevertheless causes a noticeable degradation in performance due to reduced actuation 

stroke during phase transformation. The initial high rate of fatigue is referred to as a 

training period, in which a new actuator wire must be intentionally cycled in order to 

reach steady-state behaviour. Although fatigue continues to occur during subsequent 

cyclic loading, the behaviour of the material may be considered steady-state as long 

as suitable margins are allotted during the design process. The Flexinol actuator wire 

was cyclically activated using open-loop pulses of current in order to achieve complete
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Figure 47 : Fatigue behaviour of Flexinol actuator wire.

actuation and return. Figure 47 shows the effect of fatigue on an actuator wire over 

100 activation cycles with a constant applied load of approximately 1.26 N, where the 

color represents the cycle number starting from blue and shifting to red.

The effects of fatigue upon the Ni-Ti Flexinol alloy are apparent in terms of both 

electrical resistance and actuator displacement. The maximum displacement shows 

an initially exponential decrease which reaches a constant rate of steady decay, while 

the minimum displacement does not demonstrate significant fatigue behaviour. The 

electrical resistance exhibits similar fatigue behaviour as the actuator displacement, 

with decreasing maximum resistance and unchanging minimum resistance. Minimum 

and maximum electrical resistance and displacement are fitted as functions of cycle 

number with a logarithmic curve defined by equation 4.1, where y represents the pa

rameter being fitted, N  is the cycle number, and g\ and fj2 are coefficients determined
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Figure 48: Minimum and maximum resistance and displacement during cycling 
including logarithmic curve fitting.

through least-squares fitting. Figure 48 shows the results of the logarithmic fitting.

y =  9i In AT +  g2 (4.1)

This logarithmic relationship has been proposed by Meier et. al. and used to 

model the fatigue degradation of the actuator stroke [154]. Meier et. al. found the 

coefficients of the fatigue relationship varied significantly according to the applied 

stress and a look-up table was used for simulation.

The overall resistance-strain behaviour of the Flexinol actuator wire remains un

changed, and the rate of change of the maximum and minimum electrical resistance 

and displacement are relatively small. However, the application of shape memory al

loy actuators in cyclic operation requires consideration of the effects of fatigue within 

the model or by using appropriate design margins.
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4.2 Furukawa

The Ni-Ti-Cu NT-H alloy is a Nitinol alloy with a composition of approximately 

equiatomic nickel and titanium as well as a copper addition, developed and manufac

tured by Furukawa Electric Company. Although no literature is available regarding 

the exact composition of the Furukawa alloy, Nitinol alloys with copper additions 

typically contain 5-10% copper. The Ni-Ti-Cu Furukawa alloy is available in vari

ous dimensions of both wire and ribbon form as well as helical springs, but only the 

wire form of Furukawa NT-H alloy with a diameter of 0.20 mm was used for this 

study. There are three main advantages of using a Ni-Ti-Cu alloy compared with 

a Ni-Ti alloy: the phase transformation process shows smaller temperature-strain 

hysteresis, no R-phase occurs during phase transformation, and the alloy is more re

sistant to fatigue. The smaller temperature-strain hysteresis translates into a smaller 

resistance-displacement hysteresis due to martensite-austenite phase transformation. 

Furthermore, the absence of R-phase eliminates the large hysteresis behaviour ob

served in the resistance-displacement relationships of the Ni-Ti Flexinol alloy.

4.2 .1  R esistan ce-D isp lacem en t B ehaviour

Similar to the Ni-Ti Flexinol alloy, the principal relationship between electrical resis

tance and actuator strain in the Ni-Ti-Cu Furukawa alloy was studied. No significant 

hysteresis effects were expected within the resistance-displacement behaviour of the 

Furukawa alloy due to the copper addition. The process of observing and recording 

the open-loop actuation behaviour of the Furukawa alloy was the same as was used 

for investigation of the Flexinol alloy. Square pulses of current were applied to the 

actuator in order to achieve complete actuation and recovery. Figure 49 demonstrates 

the relationship between electrical resistance and displacement for a Furukawa alloy 

actuator wire with an applied load of 0.47 N.
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Figure 49: Overall resistance-displacement behaviour of Furukawa actuator wire.

While there does appear to be some hysteresis effect due to  different heating and 

cooling curves, the overall resistance-displacement relationship of the Ni-Ti-Cu Fu

rukawa alloy showed almost negligible hysteresis compared with the Ni-Ti Flexinol 

alloy. Due to the smaller temperature hysteresis during phase transformation and 

the lack of R-phase, the change in electrical resistance during heating and cooling is 

due to the dependence upon strain and temperature as described by equations 2.12, 

2.13, and 2.14. The resistance-displacement curve during heating shows a similar 

trend as the Flexinol alloy during heating, with small increases in electrical resistance 

before and after phase transformation occurs. During cooling, the electrical resis

tance initially decreased along with temperature until phase transformation caused 

an overall increase which followed a non-linear path close to the heating curve. Al

though both heating and cooling resistance-displacement curves of the Furukawa alloy 

are non-linear and demonstrate an indeterminate region at full actuation, the overall 

behaviour is much simpler than that of the Flexinol alloy.
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Figure 50: Overall resistivity-displacement behaviour of Furukawa actuator wire.

The relationship between electrical resistivity and strain follows almost exactly 

the same trends as the relationship between electrical resistance and displacement, 

as demonstrated by Figure 50. This change in electrical resistivity throughout phase 

transformation is the cause of the non-linear behaviour as well as the slight hysteresis 

gap between heating and cooling curves. Although the temperature hysteresis is 

smaller, there is a difference in the phase transformation temperatures during forward 

and reverse transformation which causes a shift in the electrical resistivity between 

heating and cooling curves.

4.2 .2  Influence o f A pplied  Stress

The effect of applied stress upon the relationship between electrical resistance and 

displacement was also investigated for the Furukawa alloy in order to support the de

velopment of a comprehensive model for position control. Again, open-loop activation 

of the actuator wire was used to ensure complete actuation for a series of constant
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F igure 51: Influence of stress upon the resistance-displacement behaviour of Fu
rukawa actuator wire.

applied loads provided by the brass weights described previously. Although the yield 

strength of the alloy was unavailable, similar loading conditions that were used to 

study the Flexinol alloy were also applied to the Furukawa alloy. The resistance- 

displacement relationship was examined for constant loads ranging from 0.1 N to 

2.45 N plus the weight of the LVDT probe. Figure 51 shows the compiled set of 

resistance-displacement curves for the various levels of stress applied to the wire.

Unlike the Flexinol Ni-Ti alloy, the overall trends of the resistance-displacement 

behaviour of the Furukawa alloy are not dependent upon the applied stress conditions. 

However, both the electrical resistance and actuator displacement are influenced by 

the variation of applied stress. Maximum electrical resistance a t the initial position in 

the martensite phase increases with increasing applied stress, while the minimum elec

trical resistance at the fully actuated position in the austenite phase shows negligible 

dependence upon the level of applied stress. The actuator displacement at both the
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Figure 52: Influence of stress upon heating and cooling curves of the Furukawa 
actuator wire.

initial and fully contracted positions increases with increasing applied stress. There

fore, the trend of the resistance-displacement relationship remains similar but the 

boundaries of both resistance and displacement stretch depending upon the level of 

applied stress.

Total actuation displacement of the Furukawa wire increases with increasing ap

plied stress, similar to the behaviour of the Flexinol alloy and also driven by both 

the variation of Young’s modulus as well as the phase transformation process. The 

dependence between the phase transformation temperatures and applied stress, de

scribed in equations 2.9 and 2.10, causes a shift in the electrical resistivity throughout 

the heating and cooling curves. Figure 52 shows the difference between the heating 

and cooling curves at various stress levels.

Although the limits of the resistance-displacement curves for the Furukawa alloy 

depend upon the level of applied stress, the overall trend of the relationship remains 

similar. The heating and cooling curves both maintain the same relative hysteresis
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gap, with no dependence upon stress as is caused by R-phase in the Flexinol alloy.

4.2 .3  M inor H ysteresis Loops

Incomplete activation of the Furukawa actuator wire was studied to develop a  com

plete model of the resistance-displacement behaviour for position control. The wide 

hysteresis gap observed in the resistance-displacement relationships of the Flexinol 

alloy caused the appearance of minor hysteresis loops during incomplete activation of 

the wire. However, the Furukawa alloy demonstrated a much smaller hysteresis gap 

within the resistance-displacement relationship and therefore the appearance of minor 

hysteresis effects was expected to be much more subtle and ineffectual in compari

son. Investigation of the minor hysteresis loops within the resistance-displacement 

relationship of the Furukawa alloy was performed using the same procedure described 

for the Flexinol alloy. The actuator wire was partially activated to reach a series of 

test points using on-off control with position feedback. The test points were again 

arranged in order to achieve motion between each possible pair of initial and final 

positions. Incomplete actuation of the Furukawa actuator wire is demonstrated in 

the resulting resistance-displacement curves shown in Figures 53 through 55.

Heating and cooling of the Furukawa actuator wire through partial activation 

tends to follow the trends of the heating and cooling curves for full actuation. Tran

sition between the two curves occurs during incomplete activation and results in 

the appearance of minor hysteresis loops. Since the heating and cooling resistance- 

displacement curves are close in proximity, the transition from one to the other is 

small and difficult to discern compared with the overall behaviour. The transition 

between the heating and cooling curves is smooth and gradual, and occurs due to the 

difference between phase transformation temperatures for the forward and reverse 

transformation processes. Overall, incomplete actuation of the Furukawa alloy shows 

negligible minor hysteresis effects compared with the Flexinol alloy.



90

1.4

E
2

c■
E•ua

0.6

0.4

0.2

2.11.7 2.2
Electrical Resistance (Q)

Figure 53: Minor hysteresis loop behaviour of Furukawa actuator wire (incomplete 
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Figure 54: Minor hysteresis loop behaviour of Furukawa actuator wire (incomplete 
cooling).
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Figure 55: Minor hysteresis loop behaviour of Furukawa actuator wire (incomplete 
heating and cooling).

4.2 .4  Training & Fatigue

As described previously, Nitinol shape memory alloy actuators suffer from fatigue over 

extended cyclic operation. The use of a copper addition in the Furukawa alloy has the 

benefit of greatly improving the fatigue life, which is an important consideration when 

applied as an actuator wire. Examination of the fatigue behaviour of the Furukawa 

alloy was accomplished using the same process described for the Flexinol alloy. Open- 

loop activation of the wire was performed using pulses of electrical current with 

amplitude and duration chosen to achieve full actuation and recovery under a constant 

applied load. Figure 56 demonstrates the fatigue behaviour for the Furukawa alloy 

actuator wire over 100 actuation cycles under an applied load of 1.26 N, where the 

color represents the cycle number starting from blue and shifting to red.

The effects of fatigue are less prominent in the cyclic response of the Furukawa 

alloy when compared to that of the Flexinol alloy. Both electrical resistance and

Heating
-Cooing
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Figure 56: Fatigue behaviour of Furukawa actuator wire.

actuator displacement in the Furukawa alloy are affected by fatigue, but the relative 

amount of degradation is smaller. Minimum electrical resistance decreases as the 

actuator is cycled, but maximum electrical resistance appears to remain constant. 

Minimum and maximum actuator displacement both decrease over numerous loading 

cycles, with initially high rate of degradation associated with the training process 

discussed previously. The initial reduction in actuator displacement and the rate of 

actuator displacement degradation over subsequent cycles are much smaller compared 

to the fatigue behaviour of the Flexinol alloy.

The logarithmic fitting function proposed by Meier et. al. is also used to model 

the minimum and maximum values of electrical resistance and actuator displacement 

in terms of cycle number. Figure 57 shows the maximum and minimum values as well 

as the fitted curves.
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Chapter 5

M odeling

The relationships between electrical resistance, applied stress, and strain for shape 

memory alloy wire were modeled for the purpose of actuator position control using 

resistance feedback. The models were developed to predict actuator strain based 

on electrical resistance and applied stress, where the resistance is measured and the 

applied stress may be either measured or estimated depending upon the loading condi

tions. Development of the models was focused on capturing three important features 

of the material behaviour: the overall resistance-displacement relationships consisting 

of heating and cooling curves, the minor hysteresis effects due to incomplete actua

tion, and the influence of applied stress. These features are considered important in 

order to develop a comprehensive model for position control of shape memory alloy 

actuators under varying load conditions. Although the applied stress was included 

as an input parameter for the models, measurement of the load is not required if it 

is known or predictable. For example, an actuator which lifts a known mass allows 

the assumption of a constant load, while an actuator embedded within a composite 

structure allows the load to be predicted based on the structural stiffness.

Separate models were developed for the Ni-Ti Flexinol alloy and Ni-Ti-Cu Fu

rukawa alloy due to the differences in overall resistance-displacement behaviour. The

94
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resistance-displacement curves during forward and reverse phase transformation pro

cesses were represented by heating and cooling curves. Hysteresis effects which occur 

during the transition between these curves was considered in order to capture the 

effects of complete and partial actuation. Only the Flexinol alloy demonstrated sig

nificant hysteresis effects due to larger differences in the transformation temperatures 

and the presence of R-phase during phase transformation. Therefore, the major and 

minor hysteresis loops were modeled in detail for the Flexinol alloy, while the model 

for the Furukawa alloy was simplified to a single actuation curve. Both models account 

for the effect of varying applied stress upon the resistance-displacement relationship 

by defining the appropriate coefficients as functions of applied stress. Furthermore, 

the models were normalized for general application of either Ni-Ti or Ni-Ti-Cu shape 

memory alloy actuator wire of any length and diameter.

Previous modeling of the relationships between electrical resistance, applied stress, 

and strain for shape memory alloy actuator wires has either failed to cover all aspects 

of the behaviour or includes the use of temperature as a parameter. As discussed 

previously, models of the resistance-strain behaviour have been successfully applied 

to position control but were limited to a single load condition or reduced range of 

motion. More detailed modeling of the phase transformation process and constitutive 

relationship has required the use of temperature in order to predict the fractions of 

martensite and austenite. The actuator strain is then determined from the combined 

effect of applied stress and phase transformation. Temperature measurement is often 

difficult and the use of temperature sensors counteracts the benefit that was initially 

gained by eliminating the need for a position sensor using resistance feedback. Model

ing the thermodynamics and heat transfer of the actuator system provides a method 

of predicting the temperature. However, the environmental conditions and system 

parameters must be known in order to accurately model heat losses, and errors in the
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prediction of temperature would have a large effect upon the position control perfor

mance of the actuator. Additionally, if the actuator temperature and applied stress 

are both known, then the strain may be predicted from models which have already 

been established without considering electrical resistance.

Examination of the resistance-displacement curves which were observed and 

recorded during characterization of each alloy showed that the behaviour is non

linear and hysteretic. The option of rearranging previously established models in 

order to predict temperature and phase fraction based upon electrical resistance was 

not pursued since this approach would be needlessly complex. However, without the 

use of temperature as a parameter, it is difficult to develop a model which predicts 

phase transformation and strain based upon the currently established constitutive 

relationships. Instead, a curve fitting approach was used to approximate the rela

tionships between electrical resistance, applied stress, and strain. Artificial neural 

networks and fuzzy logic may be used to capture the hysteresis and non-linear effects 

of the actuator behaviour, but these methods were ignored due to the unintuitive and 

enigmatic nature of the models that would be produced. Based upon initial inspec

tion of the relationships between electrical resistance and displacement, curve fitting 

using linear, polynomial, and exponential functions was adopted for development of 

each model.

5.1 Flexinol

Modeling of the relationships between electrical resistance, applied stress, and strain 

for the Flexinol alloy required detailed consideration of the major and minor hystere

sis loops. The hysteresis effects were exhibited in separate resistance-displacement 

curves during heating and cooling, as forward and reverse phase transformations oc

curred over different temperature ranges. Phase transformation dining cooling also
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caused the presence of R-phase, which had a significant effect upon the electrical 

resistance and widened the hysteresis loop. These heating and cooling curves are 

followed during both full and partial actuation, and both curves are approximately 

linear for the majority of the actuation range. Therefore, linear functions were used 

to model the primary heating and cooling curves within the resistance-displacement 

relationship. Transition between the heating and cooling curves was modeled using 

an exponential function where the slope of the transition curve approaches the slope 

of the appropriate heating or cooling curve.

The resulting behaviour of the model consists of the actuator resistance- 

displacement position asymptotically approaching and following the respective curve 

during heating and cooling. The heating and cooling curves are therefore referred 

to as asymptotes. Furthermore, the exponential transition curves are considered dif

ferentially in order to model minor hysteresis loops due to incomplete actuation or 

recovery. Applied stress had a significant effect upon the resistance-displacement 

relationship, causing the heating and cooling asymptotes to shift dramatically. The 

coefficients of the heating and cooling asymptotes were simply modeled as polynomial 

functions of the applied stress, while the exponential transition curves were assumed 

to be independent of applied stress. Therefore, the overall resistance-stress-strain 

model of Flexinol actuator wire consists of a hybrid model composed of linear heat

ing and cooling asymptote curves with coefficients that are polynomial functions of 

stress as well as an exponential function for transition between each asymptote.

5.1.1 H eating  &; C ooling C urves

The resistance-displacement curves during heating and cooling are followed through

out both complete and partial actuation and form the basis for the development of 

the Flexinol model. Both curves are linear throughout the majority of the actua

tion range, with small non-linear and indeterminate regions at the beginning and
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end of each curve. These extreme regions were ignored and therefore the working 

actuation range is reduced for an actuator applying this model for measurement or 

control. Analysis of the results from characterization of the Flexinol actuator wire 

yielded slope and intercept coefficients for heating and cooling asymptotes that fit 

the respective linear regions. Equations 5.1 and 5.2 are used to  model the linear re

lationships of actuator displacement, 6, as a function of electrical resistance, R. The

coefficients a and b represent the slope and intercept, respectively, and are denoted

by the subscript H  and C  for the heating and cooling asymptotes.

8h = aj{R +  bn (5-1)

Sc — a-cR +  be (5-2)

Figure 58 shows the resistance-displacement major hysteresis loop of a Flexinol 

actuator wire subjected to a constant applied load of 0.47 N with the corresponding 

heating and cooling asymptotes.

Modeling the heating and cooling curves using linear functions resulted in a good 

approximation of the resistance-displacement behaviour over the majority of the actu

ation range. The non-linear and indeterminate regions were not well represented since 

the assumption of a linear relationship cannot accommodate those features. However, 

the region near full actuation does not deviate from the linear approximation greatly 

during heating and may be considered part of the transition curve during cooling. The 

region near full recovery shows a much larger section of non-linear and indeterminate 

behaviour and must therefore be ignored during application. The linear region of the 

heating curve is larger than that of the cooling curve, thus the accuracy of the model 

during cooling was expected to be lower than during heating. Nevertheless, the use of 

linear asymptote functions during actuation and recovery is suitable for representing 

the heating and cooling curves.
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Figure 58: Heating and cooling asymptotes for major hysteresis loop of Flexinol 
wire.

The assumption of a linear model without any consideration of the hysteresis effect 

during transition results in errors of up to 300% of the actuator stroke. Characteriza

tion of the resistance-displacement relationship at various constant loads also revealed 

a dependency between applied stress and the shape of the heating and cooling curves. 

Therefore, consideration of the influence of applied stress and the hysteresis effects 

was required and will be discussed in subsequent sub-chapters.

5.1.2 Influence o f A pplied  S tress

The influence of applied stress upon the resistance-displacement relationship of Flex

inol has been studied during the experimental characterization of the material. Min

imum and maximum electrical resistance and displacement as well as the shape of 

the resistance-displacement curve were all found to vary depending upon the level 

of applied stress. Although the shape of the overall major hysteresis loop changed
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Figure 59: Families of heating and cooling asymptotes for Flexinol wire.

according to applied stress, the heating and cooling curves remained linear for the 

majority of the actuation range. Analyzing the heating and cooling asymptotes for 

each constant applied load resulted in a family of linear functions. This family of 

curves for the heating and cooling asymptotes was described by the variation in slope 

and intercept coefficients as a function of applied stress. Figure 59 shows the family 

of heating and cooling asymptotes while Figure 60 shows the relationships between 

slope and intercept coefficients and applied stress.

The family of heating asymptote functions shows only slight variations in the 

slope and intercept coefficients with increasing applied stress. Much larger variations 

are seen in the slope and intercept coefficients for the family of cooling asymptote 

functions. The slope coefficients of both heating and cooling asymptotes follow a 

decreasing trend with increasing applied stress, while the intercept coefficients of 

both asymptotes follow an increasing trend. Examination of Figure 60 showed that 

these trends are all non-linear, but appeared to be smooth and predictable monotonic
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Figure 60: Slope and intercept coefficients of heating and cooling asymptotes for 
Flexinol wire.

curves. The heating slope and intercept coefficients experience continuous gradual 

change with respect to applied stress while the cooling coefficients show an exponential 

dependency. Second-order polynomial functions were chosen to  model the slope and 

intercept coefficients as functions of applied stress. Equations 5.3 through 5.6 show 

the relationships used where the coefficients, /3, are denoted with subscripts a and b 

for the slope and intercept, H  and C  for heating and cooling, and numbered indices 

according to the polynomial order.

Uh {(?) = 9aH2 a2 +  $aHx°  +  0aHo (5.3)

bH(&) =  PbH2 O1 +  PbHiO + 0bHo (5.4)

ac {a) =  &aC2e 2 +  fiaCxo  +  A c0 (5.5)

bc{?) = PbC2<r2 +  PbCx®  +  fibCo (5.6)
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Figure 61: Polynomial fitting of relationships between applied stress and asymptote 
coefficients.

The stress coefficients, /?, were determined from least-squares fitting of the esti

mated asymptote slope and intercept coefficients. The resulting curves fit the rela

tionships of the slope and intercept coefficients as shown in Figure 61, which demon

strates the validity of using polynomial functions to model the  influence of applied 

stress upon the asymptote functions.

In practice, the applied stress must be continuously used to  update the slope and 

intercept coefficients of the heating and cooling asymptotes. If the applied stress is 

constant then the slope and intercept coefficients may be computed and treated as 

constants. In the case of bias spring loading, the applied load will be related to the 

actuator displacement and the stress terms within equations 5.3 through 5.6 may be 

replaced by the respective stiffness functions. More complicated loading conditions 

may be modeled separately in order to provide stress input to the shape memory alloy 

model.

The use of second-order polynomials is preferred in order to make application of
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Figure 62: RMS error of model coefficients as a function of polynomial order.

the model easier within the LabView environment since the precision of the polyno

mial coefficients when exporting and importing from MATLAB using delimited text 

files may cause errors to occur. However, the RMS error of the slope and offset coeffi

cients for the heating and cooling curves was investigated for polynomials of increasing 

orders (up to sixth-order). Figure 62 shows the decrease in error as the polynomial 

order is increased. Although higher order polynomials could be used to improve the 

performance of the model, the use of second-order polynomials is satisfactory for the 

scope of this research.

5.1.3 H ysteresis Loops

The overall resistance-displacement behaviour of the Flexinol shape memory alloy 

actuator wire was represented by the heating and cooling asymptotes. Although the 

influence of applied stress was investigated and modeled, the major and minor hys

teresis loops were also modeled in order to account for transition between the heating
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and cooling asymptotes. The resistance-displacement transition curves have previ

ously been examined during experimental characterization of hysteresis effects within 

the Flexinol alloy. Both major and minor hysteresis loops follow a similar trend, 

where the resistance-displacement position of the actuator exponentially approaches 

the respective asymptote during heating or cooling. In order to include the hysteresis 

effects within the resistance-displacement model, the transition curves were modeled 

using an exponential function. The non-linear resistance-displacement curve during 

transition between heating and cooling curves represents phase transformation driven 

by thermodynamic processes, whose differential equations have exponential-based so

lutions. Therefore, the use of an exponential function to represent the transition 

curve is suitable. Many previous models of the phase transformation process have 

been based upon exponential functions, such as the model developed by Ikuta et. 

al. [164] and applied by Madill and Wang [171], as well as other constitutive rela

tionships used by Shu et. al. [199], Shameli et. al. [173], and Jayender et. al. [179]. 

Furthermore, most artificial neural networks use activation functions which are based 

on exponential terms in order to capture non-linear and hysteretic behaviour.

Modeling of the transition curves between the heating and cooling asymptotes 

was accomplished using a differential approach in which the resistance-displacement 

gradient was modeled and integrated with respect to the change in resistance. This 

approach allows the same transition curve relationship to be applied at any location 

within the resistance-displacement actuation space, which is bounded between the 

heating and cooling asymptotes. Therefore, the effects of both major and minor 

hysteresis loops were captured and the actuator displacement could be modeled during 

full or partial activation. The slope of the resistance-displacement transition curve is 

modeled using an exponential function described by equation 5.7.

a = (ap — ao)e rz +  oq (5.7)
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Where a is the slope of the resistance-displacement curve, ap and ao are the initial 

and final slope values, r  is the transition parameter, and 2 is the difference between 

the electrical resistance on the heating or cooling asymptote and the resistance of 

the actuator. The transition curve was modeled using equation 5.7 for both heating 

and cooling processes, but the final slope value, ap, and resistance difference, 2 , are 

different for each case. Equations 5.8 through 5.11 define the resistance difference, 2 , 

for both heating and cooling as denoted by the subscripts H and C. Equations 5.12 

and 5.13 then describe the functions for transition from cooling to heating and vice 

versa.

ZH = R -  R h (5.8)

zc  =  Rc -  R (5.9)

_ S - b H 
Kh — (5.10)

a.H

B e - ' - * (5.11)
ac

a =  (aH -  a0)e~rZH + a0 (5.12)

a =  (ac  -  ao)e~TZc + a0 (5.13)

When the actuator is initially departing either asymptote, the resistance difference 

between the actuator and the other asymptote is large. Therefore the exponential 

term within the transition curve function becomes small, and the slope of the transi

tion curve is approximately the initial value, oq. As the actuator resistance changes, 

the transition curve begins to approach the relevant asymptote, hence reducing the 

resistance difference, 2 . As the resistance difference diminishes, the slope of the tran

sition curve exponentially approaches the slope of the asymptote curve. Similar to 

a simple first-order control law, the resistance difference ensures that the transition 

curve approaches and follows the appropriate asymptote.
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Figure 63: Exponential transition curves for Flexinol wire.

After analyzing data from the material characterization of the minor hysteresis 

loops, the values for r  and ao were determined through trial and error in order to 

match the measured transition curves. Application of the exponential transition func

tions to the experimental resistance data resulted in the comparison of experimental 

and modeled transition curves shown in Figure 63.

The overlap between experimental data and the model shows that the exponential 

relationships defined by equation 5.12 and 5.13 successfully capture the behaviour 

during transition between heating and cooling asymptotes. Some error occurs due to 

a slight shift in the cooling asymptote and the use of constant values for the initial 

slope and transition parameter. Given the linear heating and cooling asymptotes, the 

influence of stress upon the asymptote coefficients, and the exponential curves during 

transition between asymptotes, the comprehensive model is ready for application in 

resistance feedback position control of Flexinol shape memory actuator wire.
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5.1 .4  S im ulation

Numerical simulation of the Flexinol model was used to validate the overall perfor

mance based on experimental data obtained during characterization of the material. 

The performance of the model was evaluated by simulating the response under various 

load conditions and through both complete and partial actuation cycles. While the 

model was developed from experimental curves of electrical resistance and strain at 

constant applied loads, the response under varying applied load was also examined. 

Application of the model within a numerical simulation required that appropriate 

conditions be applied and the system of equations discretized. After recasting the 

relationships for discrete numerical modeling, the set of equations for the Flexinol 

model of resistance-stress-strain behaviour is summarized in equations 5.14 to 5.23.

Most parameters must be computed at each time step with the exception of the 

established model coefficients. Therefore, the subscript k  is used on each parameter 

to represent the discrete time step index. The first step in the simulation process 

is to compute the values of the heating and cooling asymptote slope and intercept 

coefficients from the current measurement or predicted applied stress. Equations 5.14 

to 5.17 are used to determine the asymptote coefficients at time step k.

aH,k = Pathol + PaH\ <?k +  PaH0 (5.14)

bff,k =  PbH2ak +  PbH i O k + PbH0 (5.15)

ac,k = PaCi&k +  PaCi&k +  PaC0 (5.16)

bc,k =  PbC2al +  PbCi ak +  PbC0 (5.17)

Given the slope and intercept coefficients of the heating and cooling asymptotes, 

the respective values of electrical resistance may be computed for each asymptote
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at the current displacement. Since the model is discretized and the current strain 

position is unknown, the previous displacement was used to determine the heating 

and cooling asymptote resistance values. Equations 5.18 and 5.19 are used to compute 

the respective resistance values of the heating and cooling asymptotes.

RHk  =  -  bH,t  (5 lg )
&H,k

Rc,k =  ^ - -1 — c’fc (5.19)
ac,k

The differences between the electrical resistance of the actuator and each asymp

tote are then determined from equations 5.20 and 5.21.

ZH,k = Rk — R»,k (5.20)

Zc,k =  Rc,k — Rk (5-21)

The slope of the actuator resistance-displacement curve was then determined from 

the appropriate asymptote slope and electrical resistance difference, depending upon 

whether heating or cooling was occurring. Although temperature was not measured 

and the heat transfer was not modeled, heating and cooling of the actuator may be 

differentiated based upon the applied power settings. This choice is simple for on-off 

control algorithms since the actuator may be assumed to experience heating while the 

controller is on and cooling when the controller is off. For more complex algorithms 

such as PID control the applied power input may be compared to a threshold level 

in order to estimate whether the actuator is heating or cooling. Furthermore, the

rate of change of electrical resistance may also provide an indication of the heating or

cooling condition assuming the actuator is performing within the determinate region 

of the resistance-displacement space.
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Equations 5.22 and 5.23 are used to determine the slope of the actuator resistance-

displacement curve, where equation 5.22 is applied during heating and equation 5.23

is applied during cooling.

a*: =  (aH,k -  a0)e~TZH'k +  ao (5.22)

ak =  (ac ,k ~ ao)e~rzc,k +  ao (5.23)

After selecting the appropriate slope function, the actuator displacement was then 

determined using equation 5.24, which is simply discrete forward integration of the 

displacement based upon the change in electrical resistance and modeled resistance- 

displacement slope. The actuator displacement is related to the strain, e*, and initial 

actuator length, Lq, using equation 5.25.

$k =  ak(Rk — R k- i) +  $k-1 (5-24)

o (5.25)

In discrete numerical simulation, it is possible for the actuator wire resistance- 

displacement position to cross either the heating or cooling asymptote as it is ap

proached. The exponential relationship of the transition curves then causes the actu

ator displacement to diverge and the model collapses. In order to  avoid this numerical 

problem, the resistance differences may be monitored and saturated in order to ensure 

the values are always positive.

Simulation of the resistance-stress-strain model for Flexinol was performed in 

Mathworks MATLAB based on coefficients determined from material characteriza

tion. The described process of discrete simulation was used in order to predict the ac

tuator displacement given the electrical resistance and applied stress measurements. 

Actual actuator displacement was provided by the position feedback of the LVDT
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Figure 64: Simulation results for the Flexinol model under constant load of 0.49 N.

sensor, and was compared to the model output in order to assess the accuracy and 

performance of the model. The model was simulated under various conditions of 

constant applied stress and activated through full and partial actuation. Loading of 

the actuator using a spring fixed to the test stand was also simulated in order to test 

the performance of the model under varying stress conditions.

Results of the simulation of the Flexinol model are shown in Figures 64 through 73, 

including the displacement profile over the duration of each experiment as well as the 

resistance-displacement curves. Figures 64 through 69 show the results of simulation 

under constant applied load conditions, while Figures 70 through 73 show the results 

of simulation under the spring constraint loading condition. The displacement profiles 

show actual actuator displacement and model prediction, along with the applied load 

and absolute error between the actual and model displacements. The impact of 

assuming a constant applied load under varying load conditions was also investigated, 

where the results are shown in Figures 72 and 73.
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F igure 65: Simulated resistance-displacement curves for the Flexinol model (0.49
N).
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Figure 66: Simulation results for the Flexinol model under constant load of 0.98 N.
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Figure 73: Simulated resistance-displacement curves for the Flexinol model (spring 
constraint with assumption of constant applied load).

The results of the simulation demonstrate successful prediction of the actuator 

displacement under both constant load conditions and varying load conditions. Al

though the highly non-linear indeterminate region at the upper limit of the stroke 

range results in large errors, the Flexinol model captured the overall behaviour with 

a mean error of approximately 2.03% of the total typical actuator stroke of 4% strain. 

Plots of the resistance-displacement hystereses in Figures 67, 69, and 71 emphasize 

the ability of the model to capture the primary heating and cooling curves as well as 

the intermediary transition curves.

Table 2 summarizes the mean error for each experiment, where the model was 

simulated both with and without the inclusion of stress influence effects. The as

sumption of a constant load during the application of spring constraint conditions 

resulted in larger errors, as seen in Figures 72 and 73, with a  mean value of 7.76% of 

the total stroke.
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Load Condition
Mean Error (% Stroke)

Stress Influence Constant Load

Constant (0.49 N) 1.99 2.26
Constant (0.98 N) 1.36 6.48
Constant (1.96 N) 1.26 13.15
Spring Condition 3.52 9.15

Table 2: Mean absolute error for simulations under each load condition with stress 
influence effects included as well as assuming a constant load condition.

5.1.5 N orm alization

Modeling of the resistance-stress-strain behaviour of Flexinol alloy actuator wire has 

been successfully demonstrated through simulation. The model has been developed 

using relationships which may be easily characterized for various actuator wires of 

different length or material properties. However, further analysis of the model coeffi

cients for a set of actuators of varying length showed that the resistance-stress-strain 

behaviour may be normalized with respect to the original actuator dimensions. Nor

malization of the Flexinol model was therefore performed in order to present a model 

of the resistance-stress-strain behaviour which may be applied in position control al

gorithms for actuators of various dimensions. Figure 74 shows the resistance-length 

response curves of a set of five different Flexinol actuator wires of different lengths.

The model was altered in order to capture the resistivity-stress-strain behaviour, 

where the resistance was normalized with respect to an initial reference point. Equa

tion 5.26 shows the normalized electrical resistance, A, as a function of the actuator 

resistance, R, and initial resistance, Rq.

The initial resistance at zero applied load is used for Ro, corresponding to a point
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Figure 74: Resistance-strain responses of Flexinol actuator wires with various
lengths.

at which the actuator is composed entirely of martensite, while equation 5.27 is used 

to describe the initial resistance in terms of actuator geometry. The initial resistance 

is determined from the resistivity of martensite, pm , and initial length, Lq, and cross- 

section area, A0, of the actuator wire.

Ro Pa i L q (5.27)

Figure 5.17 shows the initial resistance for the various wire lengths previously 

presented in Figure 5.16. As predicted, the initial resistance is linearly proportional 

to the wire length, and least-squares fitting of the data resulted in a linear function 

which passes through the origin. The slope of the linear fitting curve was also used 

to determine the resistivity of martensite for application in the normalized model.

The normalized electrical resistance must also be accounted for within the slope 

and intercept coefficients of the heating and cooling asymptotes. Equations 5.1 and
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Figure 75: Initial resistance of Flexinol actuator wires with various lengths.

5.2 were therefore modified to be functions of normalized resistance, A, described 

by equations 5.28 and 5.29. The slope and intercept coefficients were also modified 

according to equations 5.30 through 5.33.

£h =  aH A +  bH

~c =  +  be

&H ~  CLh R o

ac — o-cRo 

bHbH = 

bc  —

L0

be
L0

(5.28)

(5.29)

(5.30)

(5.31)

(5.32)

(5.33)
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Figure 76: Normalized actuation curves of Flexinol actuator wires with various 
lengths.

The resulting /? stress coefficients described in equations 5.3 to 5.6 were deter

mined from analysis of a set of asymptotes determined under various load conditions. 

However, normalization of the electrical resistance modifies the relationship for the 

stress coefficients of a# and ac similar to the functions described in equations 5.30 

through 5.33. The relationships between the normalized electrical resistance and 

asymptote coefficients are independent of the applied stress, as shown in Figure 76, 

which demonstrates the normalized curves for the various lengths of actuator wire.

The exponential transition curves were also normalized, and equations 5.8 through 

5.13 were all modified to be functions of normalized electrical resistance. Equations 

5.34 through 5.39 show the modified functions for the transition curves.

= (5.34)

(5.35)
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A h  =  £- ^ L (5.36)
an

Ac =  (5.37)
o-c

d = (&h  — ao)e~TZH +  do (5.38)

a = (ac — d0)e~TZc +  do (5.39)

During discrete simulation and control, the actuator strain was determined from 

equation 5.40, which is the normalization of the forward integration function presented 

in equation 5.24.

£fc =  Ofe(Afe — Afc_i) +  £fc—i (5.40)

The resulting normalized model was characterized from experimental data in or

der to determine the polynomial stress influence coefficients, /?, initial martensite

resistivity, pM, and transition curve parameters So and r .

5.1 .6  M odel C orrelations

The research presented in this thesis focuses on the development of predictive strain 

models based upon measurement of the electrical resistance and applied stress as

inputs. The actuator temperature is not included within the model since the phase

transformation processes are instead indicated by the electrical resistance. Although 

the exclusion of temperature simplifies the practical application of the model, it is 

still the driving parameter within the phase transformation processes. Consequently, 

the established relationships described previously cannot be used within the model if 

the actuator temperature is unknown.

Recent research by Brammajyosula et. al. has demonstrated the extension of 

the Liang & Rogers model to include R-phase transformation in order to predict 

the electrical resistance and strain based upon input of the temperature and applied
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Figure 77: Simulated actuation curves of Ni-Ti actuator wire using the extended 
model by Brammajyosula under various constant applied loads.

stress [145]. Therefore, this extended model may be used for comparison in order 

to investigate correlations between the previously established relationships and the 

Flexinol models developed in this thesis. The extended model developed by Bramma

jyosula is based upon the Liang & Rogers model described previously but includes an 

R-phase fraction parameter along with the appropriate phase transformation equa

tions, mixing rule, and constitutive equation.

Simulation of the extended model was performed in MATLAB, where the actuator 

temperature and applied stress were prescribed as inputs. The actuator temperature 

was linearly increased from just below the martensite finish phase transformation 

temperature to just above the austenite finish temperature, and then decreased lin

early bank to the initial point. This resulted in a complete actuation and recovery 

of the actuator wire, and was simulated at various levels of constant applied stress. 

The resulting family of hysteresis curves, shown in Figure 77, closely resembles the 

experimental results.
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The results of the Brammajyosula model simulations reveal similar trends as ob

served in the experimental response of the Flexinol alloy. The linear asymptotes dur

ing heating and cooling are apparent in the extended model, as well as the significant 

dependence upon applied stress. Most importantly, analysis of the phase transforma

tion temperatures provides an explanation for the large stress-dependent hysteresis 

caused by the presence of R-phase. Figure 78 shows the relationship between austen- 

ite, martensite, and R-phase transformation temperatures and the applied stress. 

During heating, the transformation process from martensite to  austenite occurs as 

the temperature increases from A s to A f .  As the actuator cools, the alloy transforms 

from austenite to R-phase and then from R-phase to martensite. However, at higher 

levels of applied stress, the transformation from R-phase to martensite starts before 

the transformation from austenite to R-phase has completed. Since the resistivity of 

R-phase is much greater than that of austenite and martensite, significant hysteresis 

is caused by the intermediary transformation from austenite to  R-phase during cool

ing. As the level of applied stress is increased, the amount of R-phase present during 

cooling is decreased and the size of the hysteresis is reduced.

Considering the established relationships between resistivity, temperature, length, 

and strain, the Liang & Rogers constitutive and phase transformation equations, as 

well as the simple mixing rule for material properties, analytical expressions were 

determined for the Flexinol model coefficients (slope and offset parameters an, bn, 

ac, and be)- The heating asymptote was assumed to connect the point at which the 

actuator is at the austenite start temperature, A s , composed of martensite, and fully 

elongated, to the point at which the actuator is at the austenite finish temperature, 

A f , composed of austenite, and fully contracted. Therefore, equations 5.41 to 5.44 

describe the resistance and displacement of the start and finish points of the heating 

asymptote, which are found through substitution of the appropriate temperature and 

strain values within equations 2.12, 2.13, and 2.14. The temperature varies from
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Figure 78: Relationship between phase transformation temperatures and applied 
stress.

T  = As +  to T  = A f + as a function of the applied stress, while the material 

is composed of martensite at the start of the transformation and austenite at the 

end. The strain is a combination of applied mechanical strain, which is determined 

from Hooke’s law using the Young’s modulus of the appropriate phase, as well as the 

transformation strain, which is maximum { e l m ) at the start of transformation and 

zero at the end.

Rhs — Pm Lq
1 +  a M ( Aa +  — To (1 +  21  elm +

E M
(5.41)

R h/ = i t { 1 + a A { A , + i k ~ To) )  I 1 + 2i h )  (5,42)

8hs = L0 ^ elm +  (5.43)



The slope and offset coefficients for the heating asymptote are then described 

using equations 5.45 and 5.46.

aH = ~R------- R (5‘45)O-Hs ~  ‘ *11 f

Sh/ R hs — HsR hf  ,rbH = -----^------- £ - (5-46)
‘ ‘ H s — H f

Analysis of the cooling asymptote coefficients was slightly more complicated since 

the influence of applied stress upon the amount of R-phase present must be consid

ered. Assuming the material is fully austenite at the onset of cooling, equation 5.47 

determines the fraction of R-phase present at the start of phase transformation from

R-phase to martensite and equation 5.48 determines the resistivity of the material.

The Liang & Rogers model of phase transformation using a  cosine relationship is 

employed for the R-phase transformation by Brammajyosula, as shown in 5.47.

& = 1 (cos {r ^r , (m* + ̂  ■ R> ~ £)) + 0 (5 '47)

P C s ~  £ r P r  +  o tR  ( ^ M s +  — T o j  ^  +  (1 — p a  ^1  +  o c a -I-

(5.48)

The resistance and displacement at the start and finish points of the cooling 

asymptote are then given by equations 5.49 to 5.52. Equations 2.12, 2.13 and 2.15 

are used to determine the resistance of the material at the start and end of phase 

transformation during cooling. The resistivity at the start of transformation is a 

mixture of the resistivities of austenite and R-phase, while the  resistivity at the end
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of the transformation is that of the martensite phase.

+  +  + (549)

Res =  ^  " ^1 +  +  —-----^1 +  2 ^ciM +  (5.50)

Sc. =  Lo ( e LK +  ? e £ b + ( ( _ { „ ) £ J  ( 5 - 5 D

Scf = Lq '̂£lm +  ~j^~J (5.52)

The slope and offset coefficients for the cooling asymptote are then described using 

equations 5.53 and 5.54.

OC =  Sr HI -  S“• (5.53)
rlHf ~ n-Hs

5fiaRHf — ShfR hs c A\
bc =   R R  (5'54)R Hf — RHa

The coefficients for both the heating and cooling asymptotes were evaluated over 

a range of stress values and compared to experimental data in Figure 79. The over

all trends are similar for each of the coefficients, and the values are relatively close

considering the use of material properties for a different Ni-Ti alloy during analy

sis. Therefore, characterization of the appropriate material properties for Flexinol 

could possibly be used to determine the model coefficients through analysis instead 

of experimental calibration. The phase transformation temperatures, stress influ

ence coefficients, moduli of elasticity and resistivity parameters for each phase, as 

well as the stroke parameters would all have to be determined through experimental 

characterization of the stress-strain-resistance-temperature behaviour.
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Figure 79: Comparison of slope and offset, coefficients determined experimentally 
and fitted for Flexinol wire as well as determined analytically for the Ni-Ti alloy 
model by Brammajyosula.

5.2 Furukawa

A separate model was developed for the Ni-Ti-Cu Furukawa alloy since it demon

strated significantly smaller hysteresis effects within the relationships between elec

trical resistance and displacement compared to the Ni-Ti Flexinol alloy. Forward 

and reverse transformation between martensite and austenite phases takes place over 

different temperature ranges in both alloys. However, the gap between the sets of crit

ical transformation temperatures for the Furukawa alloy is much smaller than that for 

the Flexinol alloy and the presence of R-phase was not observed during transforma

tion of the Furukawa alloy. Therefore, the hysteresis of the resistance-displacement 

relationship is greatly reduced by the absence of R-phase effects, and the heating 

and cooling resistance-displacement curves are much closer due to the smaller gap 

in transformation temperatures. Apart from a small non-linear and indeterminate 

region near the fully actuated position, the resistance-displacement relationship for



127

Furukawa is relatively simple and therefore requires a less complex model compared 

to the Flexinol alloy.

The resistance-displacement curves during heating and cooling were first analyzed 

and modeled separately using results obtained during material characterization. Each 

curve was represented by a second-order polynomial equation which predicts the ac

tuator displacement as a function of electrical resistance. Similar to the model for 

Flexinol, the coefficients of the polynomial resistance-displacement curve were also 

found to be dependent upon the level of applied stress. Therefore, another series 

of second-order polynomial functions was used in order to model the coefficients of 

the resistance-displacement curve in terms of applied stress. Considering the smaller 

hysteresis gap, both heating and cooling resistance-displacement curves were then 

averaged in order to produce a single activation curve. The resulting family of poly

nomial functions represents the resistance-stress-displacement behaviour of the Fu

rukawa alloy during both heating and cooling. Normalization of the model allows a 

further simplification in which the activation curve may be considered independent 

of applied stress.

5.2.1 H eating  & C ooling C urves

Although the hysteresis effects are small, the resistance-displacement curves are dif

ferent during heating and cooling of the Furukawa alloy. The primary heating and 

cooling resistance-displacement curves are followed during full and partial activation 

and form the basis of the resistance-stress-displacement model. Each curve is com

posed of a smooth monotonic non-linear region which extends the majority of the 

actuation range, along with a small highly non-linear and indeterminate region near 

the point of complete actuation. This indeterminate region was ignored when devel

oping the model since it covers only a small portion of the actuation range. After 

reducing the data accordingly, the heating and cooling curves were each modeled using
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Figure 80: Heating and cooling resistance-displacement curves of Furukawa alloy 
with polynomial fitting functions.

second-order polynomial functions. Equations 5.55 and 5.56 describe the polynomial 

functions of electrical resistance, R , for modeling the displacement, 6, during heating 

and cooling, respectively. The polynomial coefficients G are denoted by subscripts 

H and C for heating and cooling and numbered indices referring to the polynomial 

order.

5h = Gh2R 2 + GfftR + Gh0 (5.55)

5c =  Gc2 R 2 +  GCx R + GCo (5.56)

The coefficients of the heating and cooling polynomial functions were determined

through least-squares fitting of the reduced resistance-displacement data. Figure 80

shows the open-loop resistance-displacement response of a Furukawa actuator wire 

under a constant load of 1.26 N. The reduced heating and cooling curves are high

lighted and the polynomial functions are included for comparison.



129

Ignoring the indeterminate region at full actuation allows the polynomial func

tions to be fitted closely to the heating and cooling resistance-displacement curves. 

Since the curves show relatively simple smooth trends, the second-order polynomial 

functions capture the resistance-displacement behaviour accurately within the re

duced actuation region. Errors at the region near full actuation are larger since 

the resistance-displacement relationship becomes indeterminate and departs from the 

trend observed in the majority of the curve. However, the indeterminate region is 

small enough to be ignored without significantly reducing the actuator capabilities.

The use of higher order polynomials improves the accuracy of the heating and 

cooling functions, but may cause numerical problems in practice due to the high 

sensitivity of the higher order terms. Furthermore, the influence of stress is more 

accurately modeled using lower order polynomial functions, as will be discussed in 

the next sub-chapter. Therefore, second-order polynomial functions were used for 

modeling the heating and cooling curves in order to maintain simplicity but higher 

order polynomials may also be chosen without changing the model structure.

5.2.2 Influence o f A pp lied  S tress

Characterization of the Furukawa alloy revealed a change in the resistance- 

displacement relationship under various constant applied loads. However, the absence 

of R-phase during phase transformations results in heating and cooling resistance- 

displacement curves which do not change shape significantly as a function of stress. 

The hysteresis gap between the heating and cooling curves remains constant along 

with the shapes, while the upper and lower limits of resistance and displacement 

varies according to the applied stress. Modeling of the heating and cooling curves 

using the polynomial functions in equations 5.55 and 5.56 was performed for the set 

of resistance-displacement curves with various constant applied loads. This resulted
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Figure 81: Heating and cooling asymptote families for Flexinol wire.

in families of polynomial functions for representing heating and cooling resistance- 

displacement curves of the Furukawa alloy. Figure 81 shows the families of heating 

and cooling polynomial functions, while Figure 82 shows the relationships between 

the polynomial coefficients and applied stress.

Both families of heating and cooling polynomial functions do not show significant 

change in the shape of the curves, but the polynomial coefficients are clearly de

pendent upon applied stress. The relationships between the coefficients and applied 

stress follow trends which show an increase in both the overall displacement and the 

mean slope of the resistance-displacement curves. Each of the coefficients was mod

eled as a function of applied stress based upon analysis of the trends shown in Figure

82. These trends are smooth and monotonic, and may be modeled using the same 

approach applied to the Flexinol model coefficients. Second-order polynomials were 

again chosen to capture the influence of stress upon the coefficients of the heating and 

cooling resistance-displacement curves. Equations 5.57 and 5.58 show the polynomial
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functions which approximate the heating and cooling curve coefficients, Gh and G c , 

in terms of applied stress. The subscript i refers to the coefficient, 7 , for the i^l-order 

term of the heating and cooling resistance-strain polynomial functions.

Gm{t7 ) =  7Hi20'2 +  7 /ft i*7 +  lHi0

Ga(cr) =  Id i® 2 + jch  & +  Icio

(5.57)

(5.58)

Least-squares fitting of each of the Gh and Gc coefficients was used to deter

mine the appropriate 7  coefficients. The resulting polynomial approximations of the 

relationships between each coefficient and the applied stress are shown in Figure

83. Second-order polynomial functions appear to effectively capture the influence 

of applied stress upon the resistance-displacement relationships during heating and 

cooling.

The effect of increasing the polynomial order of the fitting functions upon the
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model error is shown in Figure84. Although increasing the polynomial order may 

result in lower errors, the use of second-order polynomials is satisfactory. Similar 

to the application of the Flexinol model, the precision of the polynomial coefficients 

must be considered when being stored and read from the appropriate data file.

As described for the Flexinol model, the applied stress must be input into the 

Furukawa model but may also be predicted using a known value or load model if 

sensor measurement is unavailable or impractical.

5.2 .3  H ysteresis Loops

Separate curves were used for modeling of both heating and cooling resistance- 

displacement relationships of the Furukawa alloy, therefore a  function for transition 

between the curves was necessary. Although the hysteresis effects in the Furukawa 

alloy are much smaller than those in the Flexinol alloy, the small hysteresis gap be

tween the heating and cooling curves leads to major and minor hysteresis loops in the
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resistance-displacement behaviour. Investigation of the minor hysteresis loops dur

ing material characterization demonstrated the transition between the heating and 

cooling curves during incomplete actuation. This transition was found to be smooth 

and caused the resistance-displacement position of the actuator to approach the ap

propriate heating or cooling curve, similar to the hysteresis behaviour in the Flexinol 

alloy. Therefore, an exponential function was developed to model the resistance- 

displacement transition behaviour in Furukawa alloy considering again the thermo

dynamic nature of the phase transformation process.

Transition curves for the Furukawa alloy tend to approach the appropriate heating 

or cooling curve starting from an initial resistance-displacement position on the pre

vious curve. Therefore, hysteresis effects were considered by combining the heating 

and cooling curves in a simple mixture rule where the proportions of each curve are 

controlled by an exponential function. The relative hysteresis position, h, is used to 

represent the amount of intermediary transformation between the heating and cooling 

curves, where h — 0 refers to a position on the cooling curve and h =  1 refers to a
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position on the heating curve.

The evolution of the relative hysteresis position, h, was modeled using the ex

ponential functions described by equations 5.59 and 5.60 for transition from heating 

to cooling and cooling to heating, respectively, with a decay coefficient of rj. Initial 

conditions of the electrical resistance and hysteresis position, R s  and hs, are updated 

whenever there is a switch from heating to cooling of the actuator (or vice versa).

h =  (hs — l )e ^ R- Rs  ̂+  1 (5.59)

h = (5.60)

The simple mixing rule in equation 5.61 was then used to determine the position 

of the actuator, S, based on the relative hysteresis position, where Sfj and Sc  are the 

heating and cooling curves described by equations 5.55 and 5.56.

5 = 5„h +  8C{ 1 -  h) (5.61)

Application of the exponential transition equations in modeling the response of 

Flexinol wire during incomplete actuation resulted in the plot shown in Figure 85. The 

model was simulated with and without the transition curves included, where direct 

switching between the heating and cooling curves was used for the latter simulation.

The use of the exponential functions in modeling the transition between heating

and cooling curves improved the model performance compared with direct switch

ing, but not as significantly as expected. The model including the transition curves 

experienced higher maximum error near the point of full actuation due to the in

determinate region of the response. After ignoring the indeterminate region, the 

improvement over direct switching was more obvious. However, considering the com

bination of error sources such as sensor measurement, material characterization, and



135

1.8

1.4

£ 0.8

06

0.4
 Fun
 Actual
 Direct Switching

0.2

2.21.8 1.9 2
Electrical Resistance (Q)

2.1

■£ 0.8

0.6

0.4
 Full
 Actual
 Transition

0.2

1.9 ;
Resistance

2.1 2.21.8
Electrical Resistance (Q)
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model.

curve fitting, the overall benefit of applying the exponential function may only be 

marginal. Direct switching allows either the heating or cooling curve to be computed 

and selected based upon activation conditions. This greatly reduces the complexity 

of the model algorithm, which is beneficial in practice since the control algorithm is 

less computationally expensive.

Using the direct switching method caused the model to experience discontinuities 

during switching between the heating and cooling curves. Although the error due to 

the sudden change in modeled displacement was not significantly large, the presence 

of a discontinuity may be undesirable in some control or simulation systems. There

fore, the use of another simplified model was studied where the heating and cooling 

resistance-displacement curves were averaged to produce a single polynomial activa

tion curve. Figure 86 shows the results of applying the averaged model in comparison 

with the direct switching model.

The use of an averaged activation curve to describe the resistance-displacement
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relationship during both heating and cooling resulted in a small increase in error 

compared with the use of the models based on direct switching and exponential 

transition curves. While the mean error was larger for the averaged model, the 

benefit of using a single activation curve makes the approach favourable since actuator 

displacement may be directly computed from electrical resistance and applied stress 

without consideration of hysteresis or heating conditions. The average activation 

polynomial function has coefficients, G , that are the mean values of the heating and 

cooling coefficients, Gh and G c■ Furthermore, the stress influence coefficients, 7h and 

7c, were averaged to obtain a single set of coefficients, 7 , that describe the activation 

curve. Equation 5.62 describes the averaged activation function from equations 5.55 

and 5.56, and equation 5.63 describes the averaged stress influence function from 

equations 5.57 and 5.58.

6 = G2R2 + G1 R + Go (5.62)
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Gi(a) = 7 i2cr2 +  l h a + 7io (5.63)

The Furukawa model is therefore composed of heating and cooling curves which 

are fitted and averaged in order to produce a single family of activation curves that 

depend upon applied stress. Coefficients for the resistance-displacement activation 

curve were computed as a function of applied stress and the actuator displacement 

was then determined from the electrical resistance.

5.2 .4  Sim ulation

Validation of the Furukawa resistance-stress-displacement model was performed in 

Mathworks MATLAB using the same simulation approach as was used for the Flex

inol model. Both constant applied loads as well as varying load conditions were 

simulated, along with full and partial activation of the actuator wire. The model 

was compared to data obtained during material characterization by computing the 

predicted displacement based on the measured electrical resistance and applied load. 

Discretization of the model algorithm is required in order to be applied in numerical 

simulation and control. Using the simplified average activation curves, the discrete 

simulation process is given by equations 5.64 to 5.66.

Similar to the Flexinol model, the model coefficients, y, are constant properties 

of the actuator which are known and characterized experimentally. The discrete 

model is again presented with the subscript k referring to the time step index. From 

measurement or prediction of the applied stress, the activation polynomial coefficients, 

G, are computed from the set of stress influence polynomial functions in equation 5.64.

Gik{(Tk) =  l i 2a \  +  l i \ ° k  +  7 i o  ( 5 -6 4 )

The actuator displacement is computed from the electrical resistance measurement
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using equation 5.65, where the averaged activation polynomial function coefficients 

are determined from equation 5.64. Displacement of the actuator may be related to 

actuator displacement using equation 5.66, where L0 is the actuator length.

$k =  G2kRk +  GikRk +  Gok (5.65)

(5.66)

If both heating and cooling curves are left separate and the transition behaviour 

is modeled, then the activation and stress influence polynomial functions for heating 

and cooling must both be evaluated. Equations 5.67 and 5.68 show the discretized 

functions for computing the heating and cooling curve coefficients, while equations 

5.69 and 5.70 show the discretized functions for computing the heating and cooling 

curves.

G Htk =  7H n & k  +  7//,i a k  +  7//,o (5.67)

G c \ k =  +  7Cijfffc +  7  c «

SHk = GHkl Rt + GHk2 Rk +  GHk o

& ck -  G c k l R l  +  G c k 2 R k  +  G C k,

(5.68)

(5.69)

(5.70)

For the direct switching method, the model displacement is computed using either 

equations 5.69 or 5.70 depending upon whether the actuator is being heated or cooled. 

Equation 5.71 summarizes the selection and defines the displacement output of the 

model using direct switching.

<5*: =  <
S H k h e a t i n g  

S c k c o o l i n g

(5.71)
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The exponential transition curve method may also be discretized and applied for 

simulation and control. Equations 5.72 through 5.74 are the discretized exponential 

transition functions which determine the relative hysteresis position. Both heating 

and cooling curves are computed using equations 5.69 through 5.70 and used within 

the simple mixture rule of equation 5.74 to determine the actuator displacement.

hk =  (hSk -  l)e*R*~R^  +  1 (5.72)

hk =  hSke - * Rk~Rsk) +  1 (5.73)

<5fc = t>Hkhk + 5cfc(l ~ hk) (5-74)

Equation 5.72 is used during heating transition while equation 5.73 is used during 

cooling transition. The initial conditions hsk and Rsk are constant throughout tran

sition and updated if the heating condition changes. Although the model was not 

applied differentially and there is no implicit coupling between the transition curves 

and displacement output, the relative hysteresis position, hk, is saturated between 0 

and 1 to ensure the model remains within the appropriate bounds.

The simulation results for the Furukawa models are shown in Figures 87 through 

98, including both displacement profiles and resistance-displacement curves. Simu

lation of the averaged model under constant applied loading is shown in Figures 87 

through 92, while the results of simulation under spring constraint loading are shown 

in Figures 93 and 94. The displacement profiles show actual actuator displacement 

and model prediction, along with the applied load and absolute error between the 

actual and model displacements. Figures 95 and 96 show the results of simulation 

under varying load conditions while assuming a constant applied load. Furthermore, 

a comparison of the Furukawa models using averaged curves, the direct switching 

method, and intermediary transition curves is presented in Figures 97 and 98.
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Figure 98: Comparison of simulated resistance-displacement curves using the direct 
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Load Condition
Mean Error (% Stroke)

Average Direct
Switching

Transition Constant 
Load (Aver
age)

Constant (0.49 N) 1.01 1.11 1.28 4.33

Constant (0.98 N) 1.08 1.16 1.08 6.47

Constant (1.96 N) 0.61 0.85 0.73 10.95

Spring Condition 2.15 2.27 2.13 7.55

Table 3: Mean absolute error for simulations under each load condition using the 
averaged model, direct switching model, transition curve model, and average 
model without stress influence.

Successful prediction of the actuator displacement was achieved within simulation 

of the Furukawa models under constant and varying load conditions. Larger errors 

were observed at the limits of actuation due to the highly non-linear and indetermi

nate region at full contraction and numerical fitting errors within the model. However, 

the mean error of the average Furukawa model was approximately 1.21% of the total 

actuator stroke of 4% strain. The comparison of the average model, direct switching 

model, and transition curve model is shown in Figures 98 and 98. No significant 

improvement was observed when using separate heating and cooling curves with ei

ther direct switching or transition curves, suggesting the average model is sufficient. 

Simulation of the model under spring constraint loading conditions with an assumed 

constant load resulted in a mean error of 7.32%.

The mean absolute error for the simulation cases investigated using the Furukawa 

models are summarized in Table 3. Each applied load condition was simulated using 

the averaged model, as well as using separate heating and cooling curves with both 

direct switching and transition curve methods. The results of the simulations assum

ing a fixed constant load are also included to demonstrate the  significant increase in 

error when the influence of applied stress was excluded.
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5.2.5 N orm alization

The model developed for the Furukawa actuator wire has been successfully charac

terized using experimental data and tested through simulation. General application 

of the model for a Ni-Ti-Cu wire of any length and diameter is possible after proper 

characterization of the model coefficients. However, analysis of the resistance-stress- 

strain relationships for a series of actuator wires of various lengths revealed trends 

which allow further simplifications of the model. The resulting simplified relationships 

used for modeling the resistance-stress-strain behaviour are therefore normalized for 

general application. Two processes were used to normalize the model of the Furukawa 

alloy, including the generalization of the resistance-strain activation curves in terms 

of applied stress and the normalization of the functions in terms of actuator geometry.

The activation curves are represented by a family of polynomial functions de

scribed by equations 5.62 and 5.63. However, considering each curve normalized by 

the ranges of electrical resistance and actuation displacement, the family of activa

tion curves are found to follow a single characteristic trend which is independent of

applied stress. Figure 99 shows the overlapping resistance-displacement curves af

ter normalization, where the normalized electrical resistance, A, is determined using 

equation 5.75 and the normalized actuator displacement, £, is determined using equa

tion 5.76. The subscripts min  and max refer to the maximum and minimum values 

of the resistance, R, and displacement, d.

\ =  R  ~ ^ Trtm 7^
Rmax Rmin { ’

8-*rrnn_  (5?6)
Jmax umin5„

The activation curve was then modeled using the normalized polynomial function
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Figure 99: Normalized resistance-displacement activation curves for the Furukawa 
alloy.

described in equation 5.77 with coefficients C , and shown in Figure 100.

f  =  C2 A2 +  Ci A +  Co (5.77)

The upper and lower bounds of the activation curve vary according to the applied 

stress and were modeled in order to incorporate the influence of stress within the nor

malized model. The minimum displacement is considered a mechanical component 

due to elasticity, while the maximum displacement represents the actuator stroke. 

Therefore, the minimum displacement and actuation stroke are used as parameters 

for the model. Both mechanical and actuation components of displacement are sim

ple and smooth non-linear functions of the applied stress, while only the maximum 

electrical resistance shows a dependency upon the applied load. The minimum elec

trical resistance is found to vary only slightly with applied stress and was therefore 

assumed to be constant. Figure 101 shows the maximum and minimum values of
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F igure  100: Normalized resistance-displacement activation curves for the Furukawa 
alloy with polynomial fit.

electrical resistance and displacement as functions of applied stress.

Each of the electrical resistance and displacement parameters were modeled as 

functions of the applied stress, with the exception of the minimum resistance, which 

was assumed to be constant. Polynomial functions were chosen to model the rela

tionships for each parameter and fitted using a least-squares method. Equations 5.78 

through 5.80 describe the functions used for modeling the mechanical displacement, 

SM, actuation stroke, 8l , and maximum resistance, Rmax, with coefficients Sm , Sl , 

and w. The actuator displacment, 8, defined by equation 5.81, is then computed 

from the sum of the mechanical and actuation displacements, where the actuation 

displacement is the normalized displacement, £, multiplied by the actuation stroke, 

LoEl - The polynomial functions fitted to the mechanical displacement, actuation 

stroke, and maximum resistance are shown in Figure 102.

8 m — Sm?®2 +  S Mlcr +  Sm0 (5.78)
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Figure 101: Upper and lower limits of resistance and displacement for normalized 
activation curves.

SL = SL2a2 + SLla + SLo (5.79)

Rmax = w2a2 +  Wicr +  Wo  (5.80)

S = 8m + 6l $ (5.81)

The second normalization process involves the analysis and comparison of the 

resistance-stress-strain relationships for Furukawa actuator wires of various lengths. 

Sets of the resistance-length curves under various constant applied loads are plot

ted in Figure 103 for the actuator wires of different lengths. Each set of data was 

experimentally recorded using the open-loop actuation process described previously.

The overall dependency between the resistance-stress-strain relationships and the 

length of the actuator is linear as expected due to the fact th a t the behaviour of the

wire is driven by changes in the electrical resistance, which is linearly dependent upon

length. Further analysis of the minimum and maximum resistance values confirm the
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linear relationships in terms of actuator length.

As previously described, the minimum resistance, Rmin, is independent of applied 

stress while the maximum resistance, is modeled as a second-order polynomial

function of stress. Accounting for the relationship between resistance, resistivity, 

and actuator length and area (Lo and Ao), equations 5.82 and 5.83 describe the 

minimum and maximum resistance, respectively. The minimum resistivity is the 

resistivity of the austenite phase at the austenite finish temperature, pA, while the 

maximum resistivity is the resistivity of the martensite phase a t  the martensite start 

temperature, pM- The resistivity of the martensite phase is defined by equation 5.84 

using the normalized relationship between maximum resistance and applied stress in 

equation 5.80 with coefficients 4>m -

Rmin = ^  (5-82)

RmaX =  (5-83)

Pm — <t>M2o2 +  (pM\ & + <t>M0 (5.84)

Normalized mechanical displacement and actuation stroke are defined as the me

chanical strain, em , and actuation strain, el, respectively, which are defined by 

second-order polynomials with coefficients ipM and ipL as shown in equations 5.85 

and 5.86. The total actuator strain, e, is then determined using equation 5.87, from 

which the actuator displacement may be determined based on the initial length.

=  ipM2o2 + +  i>M0 (5.85)

£ l  =  4 > L 2 a 2  +  '4 > L l c r  +  i p L o  

^  =

(5.86)

(5.87)
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The normalized model was then characterized from experimental data to deter

mine the austenite phase resistivity, pa , as well as polynomial coefficients for the 

normalized activation curve, C, martensite phase resistivity, 4>m , mechanical strain, 

ipM, and actuation strain,

5.2.6 M odel C orrelations

Similar to the Flexinol model, no consideration of the actuator temperature is made 

within the model of the resistance-stress-strain behaviour of the Furukawa alloy. How

ever, modeling of the resistance-stress-strain behaviour using the previously estab

lished relationships was investigated for comparison. The unaltered Liang & Rogers 

model was directly applied for modeling the phase transformation processes, and the 

electrical resistance was determined using the conventional relationship as a func

tion of temperature and strain. The material properties of a  similar Ni-Ti-Cu alloy 

were used in order to simulate the resistance-stress-strain behaviour for examination. 

Figure 104 shows the results of the simulated Liang & Rogers model using material 

properties of an alloy investigated by Wu et. al. [200]. Note th a t the stress influence 

coefficients were assumed to be the same as for a typical Ni-Ti alloy.

The simulated relationship between electrical resistance and actuator displace

ment is relatively similar but also significantly different than what is observed from 

experimental characterization of the Furukawa alloy. Although there is indeed a much 

smaller hysteresis effect, which is due to a smaller gap between the forward and reverse 

phase transformation temperatures, the influence of applied stress does not appear to 

be captured correctly. Furthermore, the overall activation curve appears to be linear 

in comparison to the non-linear curve observed experimentally.

The influence of applied stress was expected to be incorrectly represented since the 

Liang & Rogers model assumes a constant actuation stroke, meanwhile experimental 

characterization reveals a dependency between the actuation stroke and applied stress.
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Figure 104: Simulated actuation curves of Ni-Ti-Cu actuator wire using the Liang 
& Rogers model.

The assumption of a cosine function dictating the phase transformation processes may 

be the cause of a mismatch between the overall shape of the activation curve. Also, 

further complexity in the phase transformation process may be incurred due to the 

influence of the copper addition. By modifying the Liang &; Rogers model to include 

actuation stroke as a linear function of applied stress, the simulated analytical model 

results were much improved in comparison to the experimental characterization of 

the Furukawa alloy. Figure 105 shows the results of the modified Liang & Rogers 

model.

The model coefficients were not compared to analytical results since there is a 

significantly greater difference between the experimental and analytical results when 

compared to the Flexinol model. However, a more detailed investigation of the com

plete thermo-electro-mechanical behaviour may provide the necessary characteriza

tion parameters for improving the analytical model and estimating the Furukawa 

model coefficients.
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Figure 105: Simulated actuation curves of Ni-Ti-Cu actuator wire including stress- 
dependent actuator stroke.



Chapter 6

Control

Both models were developed for the purpose of position control for shape memory 

alloy actuators using feedback of the electrical resistance and applied load. The per

formance of the Flexinol and Furukawa models in simulation suggest they are suitable 

for capturing the hysteresis effects, incomplete actuation behaviour, and influence of 

applied load. These capabilities are important when considering the operational be

haviour of actuation systems, where the actuator is commanded to reach intermediary 

positions within its range of motion and the applied load conditions are most often 

variable. Therefore, the Flexinol and Furukawa models were applied in a simple po

sition control algorithm to verify the performance of each model in responding to 

various desired position responses and load conditions.

Application of the models in position control of the Flexinol and Furukawa shape 

memory alloy actuators focused on the use of a simple PID feedback control law. Feed

back of the actuator position using sensor measurements was replaced with prediction 

of the actuator position using the appropriate model based on electrical resistance 

feedback. Similar control systems may be studied using a different feedback control 

law, or applying the predictive models for feed-forward control in combination with 

feedback control. However, the use of a PID control law is sufficient for verifying 

the performance of each model in effectively predicting position for feedback control.

156
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Figure 106: Block diagram of PID position control algorithm based on model feed
back.

Based upon the input of the position error, velocity error, and integrated position 

error, the PID control law generates a desired input current signal for the power sup

ply. The desired input current is then saturated to fall within limits, with maximum 

current chosen to avoid overheating and minimum current maintained to allow resis

tance measurement. Figure 106 shows the control algorithm used for position control 

of both Flexinol and Furukawa alloy actuator wires.

Position control of the actuator is investigated with the purpose of verifying the 

performance of the models as applied within a control loop instead of position feed

back. Gains for the PID control law are coarsely tuned by trial and error in order 

to provide a reasonable control response which is underdamped and settles quickly, 

although it is possible that improvements in the control algorithm may cause the 

model to perform more accurately. Application of the model for actuator position 

control is used to validate the performance of the models under expected operational 

conditions without considering the performance of the control algorithm.

The control law is independent of the model, but in practice the error which 

drives the controller is based upon the predicted actuator position. Therefore, the 

performance of the control system is not only indicative of the model fidelity but 

also the quality of the control algorithm. The system performance is evaluated by 

analyzing the errors between the desired position, measured position, and predicted 

position. The output error is defined as the difference between the desired position
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and measured position, and represents the performance of both the control system 

and model combined. The control error is defined as the difference between the 

desired position and predicted position, and represents the performance of the control 

law. The model error is defined as the difference between the measured position and 

predicted position, and represents the performance of the model. Output error is 

considered the most important measure of the actuator control system performance 

in terms of the end user point of view. However, the model error is considered the 

most significant measure within the overall context of this research since it represents 

the quality of the model.

Position control of the Flexinol and Furukawa alloy actuator wire was investigated 

for both step-wise and continuous desired position responses using constant applied 

loads and spring constraints. The step-wise desired position response consisted of 

varying the desired position in discrete steps between the limits of the actuator stroke, 

where each position was held for a period of time before moving to the next. The 

continuous desired position consisted of a wave function with a sufficiently long period 

to accommodate cooling, as well as amplitude and offset which also fit within the 

actuator stroke limits.

6.1 F lexinol

The discrete algorithm for the Flexinol model described previously was applied within 

a LabView program in order to estimate the position from feedback of electrical re

sistance and applied load, and determine desired input current using the PID control 

law. Position control was investigated using the exclusive model developed for a par

ticular actuator wire as well as the normalized model developed for actuator wires of 

any geometry. Model coefficients were determined for a particular actuator wire sam

ple and applied within the discrete algorithm to test the performance of the exclusive
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Model Type Mean Model Error Mean Control Error Mean Output Error

Exclusive 2.53% 2.95% 3.80%

Normalized 3.74% 1.83% 4.39%

Table 4: Summary of Flexinol model, control, and output errors in terms of total 
actuator stroke.

model. The normalized model was similarly tested using coefficients determined from 

a set of actuator wires of various lengths and applied to a  selected wire.

Successful position control was achieved using both the exclusive and normalized 

Flexinol models. Each model was tested under combinations of constant load and 

spring constraint conditions, demonstrating the ability to adapt to varying applied 

loads. Step-wise desired position tracking was shown using both exclusive and nor

malized models, and continuous tracking was shown using the normalized model. The 

mean values of the model error, control error, and output error are summarized in 

Table 4, and expressed as a percentage of the typical Nitinol actuator stroke of 4% 

strain.

Lower model errors are expected for the exclusive model since it is fitted directly 

to the actuator being used for testing, whereas the normalized model is fitted to a 

series of data points and interpolated for the applied actuator. However, the overall 

performance of both the exclusive and normalized Flexinol models was similar and 

resulted in mean position errors of approximately 3.21% of the total stroke.

6.1.1 E xclusive M odel

Position control of a Flexinol actuator wire was investigated using an exclusive model 

with coefficients that are calibrated for the particular wire being controlled. The stress 

influence coefficients, (3, were determined from the open-loop actuation results of a 

series of constant applied loads, as described previously, and input into the LabView
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Figure 107: Step-wise tracking response of the control system under a constant 
applied load using the exclusive Flexinol model.

control program. The control system was then commanded to drive the actuator to 

random positions within the stroke limits of the wire, and maintain each position for 

a short period of time. Both constant applied loads and spring constraint loading 

conditions were investigated using the exclusive model.

Figures 107 through 109 show the response of the exclusive model control algo

rithm for Flexinol, including the desired displacement, measured displacement, model 

displacement, model error, and applied load. Figure 107 and Figure 108 demonstrate 

the results of position control under constant load conditions and spring constraint 

conditions, respectively. Position control under varying load conditions is demon

strated in Figure 109, where the load condition is changed during active control.

The response of the control algorithm demonstrates that the exclusive Flexinol 

model is suitable for resistance feedback position control of the actuator wire. Al

though the behaviour of the alloy is non-linear and hysteretic, the PID control law 

performed adequately in terms of overshoot and response time. Perturbations due
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Figure 108: Step-wise tracking response of the control system under a spring con
straint applied load using the exclusive Flexinol model.
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Figure 109: Step-wise tracking response of the control system under varying applied
load using the exclusive Flexinol model.
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Experiment # Mean Model Error Mean Control Error Mean Output Error

1 3.40% 4.44% 5.33%
2 2 .20% 2.50% 3.39%
3 1.99% 1.91% 2.69%

Table 5: Summary of mean model, control, and output errors using the exclusive 
Flexinol model.

to heat losses from the wire to the surrounding air are a source of control error, and 

are seen more prominently in the results of Figure 107 and Figure 109. Model in

accuracies result in some steady-state error seen over the duration of hold time at 

each set point, but remain within reasonable limits. Sudden changes in the applied 

load also caused large errors as seen in Figure 109, however, subsequent activation 

of the wire tends to drive the model error down. The mean model, control, and out

put errors for the position control experiments shown in Figures 107 through 109 are 

summarized in Table 5. The overall mean error using the exclusive Flexinol model 

was approximately 3.09% of the total actuator stroke.

6.1.2 N orm alized M odel

The normalized Flexinol model was tested within the same position control algorithm 

as the exclusive model, with coefficients determined from a series of wires. Analysis 

of the experimental data for wires of various lengths yielded the polynomial stress 

influence coefficients, /3, initial martensite resistivity, pM, and transition curve pa

rameters 5o and r. The length and diameter of a selected wire were then input to 

the normalized model applied within a  LabView control program. Step-wise desired 

position tracking was investigated, where the actuator was commanded to move to a 

series of positions within the stroke range of the wire and maintain each position for 

a given duration. Continuous desired position tracking was also investigated, where
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Figure 1 1 0 : Step-wise tracking response of the control system under varying applied 
load using the normalized Flexinol model.

the actuator was commanded to track a sine wave position signal. The applied load 

in each case was varied between constant loads and spring constraints in order to test 

the performance of the model-based control system under varying load conditions.

Figures 110 and 111 show the response of the normalized model control algorithm 

for Flexinol, including the desired displacement, measured displacement, model dis

placement, model error, and applied load. Figure 110 shows the results of step-wise 

position tracking and Figure 111 shows the results of continuous position tracking 

for the normalized Flexinol model, with varying applied load conditions during both 

experiments.

Position control using the normalized Flexinol model was successfully demon

strated for both step-wise and continuous position tracking. Laxger errors are ex

pected when compared with the exclusive model since the normalized model was not 

characterized for the individual wire being used. As seen in the performance of the 

exclusive model, sudden changes in the applied load caused large errors which are
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Figure 1 1 1 : Sine tracking response of the control system under varying applied load 
using the normalized Flexinol model.

Experiment # Mean Model Error Mean Control Error Mean Output Error

1 3.43% 1.79% 4.15%

2 4.04% 1 .88% 4.62%

Table 6 : Summary of mean model, control, and output errors using the normalized 
Flexinol model.

reduced through subsequent actuation. The results of position control using the nor

malized model demonstrate the capability to adapt to varying load conditions and 

track intermediary positions with an overall mean error of 3.32% of the total actua

tor stroke. Table 6 summarizes the mean model, control, and output errors for the 

position control experiments shown in Figures 110 and 111.
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Model Type Mean Model Error Mean Control Error Mean Output Error

Exclusive 1.90% 1.85% 2.59%
Normalized 1.79% 2.92% 3.79%

Table 7: Summary of Furukawa model, control, and output errors in terms of actu
ator stroke.

6.2 Furukawa

The discrete model of the Furukawa alloy was similarly tested within the simple PID 

control system using feedback of the electrical resistance and applied load. Both 

exclusive and normalized Furukawa models were applied within LabView control pro

grams. Although the averaged transformation curve was ultimately chosen for the 

Furukawa model, the use of separate heating and cooling curves with direct switching 

was also investigated using the exclusive model. Coefficients for the exclusive model 

were determined for a particular actuator wire and applied within position control of 

the same wire. Normalized model coefficients were determined from a set of actuator 

wires of various lengths and applied to a selected wire.

Position control was successfully demonstrated using the exclusive and normalized 

Furukawa models. The performance of the models under varying applied load condi

tions was tested using constant loads, changing constant loads, and spring constraints. 

Step-wise desired position tracking was shown using both exclusive and normalized 

models, and continuous wave tracking was shown using the normalized model. The 

mean values of the model error, control error, and output error are summarized in 

Table 7, and expressed as a percentage of the typical Nitinol actuator stroke of 4% 

strain.

Although model errors are expected to be smaller for the exclusive model since 

the coefficients are determined for the particular wire being tested, the simple funda

mental transformation relationship results in better numerical fitting compared with
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the Flexinol model. The model errors are therefore similar for the exclusive and nor

malized Furukawa models, and axe smaller than those for the Flexinol models due 

to smaller hysteresis effects and less dependence upon applied load. Position control 

using the Furukawa models resulted in mean errors of approximately 2.47% of the 

total stroke.

6.2.1 E xclusive M odel

The exclusive Furukawa model was used for position control of a particular actuator 

wire for which the model coefficients are specifically calibrated. Heating and cool

ing curve coefficients, Gh and Gc- and averaged transformation curve coefficients, 

G, were determined from the experimental results of open-loop actuation at various 

constant applied loads. The appropriate coefficients were applied to the model algo

rithm within LabView control programs using both the averaged model and direct 

switching model. The actuator wire was then commanded to  move to a series of 

positions stepping up and down through the actuator stroke limits, and hold each 

position for a short period of time. Varying applied load conditions were investigated 

using constant applied loads and spring constraint loads.

Figures 112 through 115 demonstrate the results of position control using the ex

clusive Furukawa model within a PID control law, including the desired displacement, 

measured displacement, model displacement, model error, and applied load. Figure 

112 shows the results of position control using separate heating and cooling curves 

with the direct switching method under constant load conditions. Figures 113 and 

114 demonstrate the results using the averaged transformation curve under constant 

load conditions and spring constraint conditions, respectively. Figure 115 shows the 

results of position control using the averaged model under varying load conditions.

The Furukawa actuator wire successfully tracked the desired position using po

sition feedback based upon the exclusive model. As can be seen in Figure 112, the
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Figure 112: Step tracking response of the control system under constant applied 
load using the exclusive Furukawa model with direct switching between heating 
and cooling curves.
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Figure 114: Step tracking response of the control system under spring constraint 
loading using the averaged exclusive Furukawa model.
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Experiment # Mean Model Error Mean Control Error Mean Output Error

1 1.97% 1.46% 2.65%
2 1.11% 1.47% 2.06%
3 1.92% 1.90% 2.64%

4 2.62% 2.58% 3.00%

Table 8 : Summary of mean model, control, and output errors using the exclusive 
Furukawa model.

use of heating and cooling curves along with direct switching resulted in chatter as 

the controller attempted to hold each position. Although the proposed transition 

function for the Furukawa model may be included to provide smooth transition, the 

resulting reduction in model error was relatively small compared with the model error 

due to numerical fitting. Additionally, model errors during the experiments using the 

averaged model were close to those during the experiment using the heating and cool

ing curves with direct switching. Therefore, the averaged model is preferred in order 

to provide a simpler model algorithm. Figures 113 and 114 demonstrate successful 

position control under both constant applied load and spring constraint loading, with 

some steady-state error at each hold position due to model error. The response of the 

control algorithm in Figure 115 also demonstrates successful position control under 

varying load conditions. Table 8 summarizes the mean model, control, and output 

errors for the position control experiments using the exclusive Furukawa model, where 

the overall mean error was approximately 2 .11% of the total actuator stroke.

6.2.2 N orm alized M od el

Position control of a Furukawa alloy actuator wire was also investigated using the 

normalized model within the PID control algorithm. The polynomial coefficients 

for the normalized activation curve, C, martensite phase resistivity, (pM, mechanical 

strain, and actuation stroke, ipL, as well as the austenite phase resistivity, pa,
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Figure 116: Step-wise tracking response of the control system under varying applied 
load using the normalized Furukawa model.

were determined from a series of wires of various lengths. The discrete normalized 

Furukawa model was then implemented along with the PID control algorithm within 

LabView. Step-wise position control was tested, with the actuator stepping up and 

down within the stroke range and holding each position briefly. Continuous position 

control was also tested, with the actuator tracking a triangle wave function. The load 

condition was again varied between constant applied loading and spring constraint 

loading.

Figures 116 and 117 demonstrate the results of position control using the normal

ized Furukawa model within a PID control law, including the desired displacement, 

measured displacement, model displacement, model error, and applied load. Step-wise 

position control under varying applied load is shown in Figure 116, while continuous 

position control under constant applied load is shown in Figure 117.

Position control using the normalized Furukawa model was successfully achieved 

for both step-wise and continuous desired position tracking. Model errors were similar
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Figure 117: Triangle wave tracking response of the control system under constant 
load using the normalized Furukawa model.

Experiment # Mean Model Error Mean Control Error Mean Output Error

1 1.89% 3.25% 4.32%

2 1.69% 2.59% 3.26%

Table 9: Summary of mean model, control, and output errors using the normalized 
Furukawa model.

to those of the exclusive model, with some steady-state error during step-wise position 

control as seen in Figure 116. Higher model error was also seen at the upper limit of 

the actuator stroke in both Figures 116 and 117, resulting from numerical fitting of 

the polynomial functions. The overall mean error during position control using the 

normalized Furukawa model was approximately 2.83%. Mean model, control, and 

output errors for the experiments shown in Figures 116 and 117 are summarized in 

Table 9.
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Chapter 7

Conclusions

This thesis presents a significant contribution to the field of Nitinol shape memory 

alloy actuator modeling and position control. Measurement of the electrical resis

tance and applied load was successfully used to predict the actuator position based 

upon the developed models. The performance of each model was validated through 

simulation as well as a simple control application, demonstrating the ability to cap

ture the hysteresis behaviour, the influence of varying applied load, and the effects 

of incomplete actuation. Characterization, modeling, and control was accomplished 

for both the Dynalloy Flexinol Ni-Ti alloy and the Furukawa Electric NT-H Ni-Ti-Cu 

alloy. Significant hysteresis behaviour was observed in the Flexinol alloy due to the 

presence of R-phase, whereas the Furukawa alloy exhibited negligible hysteresis ef

fects. Furthermore, the relationships between electrical resistance and actuator strain 

for both alloys displayed a considerable dependency upon the applied stress.

Previous research has addressed position control of shape memory alloy actuators 

using feedback of electrical resistance. However, the approaches which have been 

studied are typically only applicable to a single applied load condition and wire ge

ometry, and often do not fully capture the hysteresis effects. The research in this 

thesis presents models for both Ni-Ti and Ni-Ti-Cu alloys, with the hysteresis effects 

due to the occurrence of R-phase included in the model of Ni-Ti. Each model was
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also normalized in terms of wire length and diameter, allowing the algorithms to be 

applied to any actuator wire from a given alloy. Additionally, the influence of applied 

stress upon the relationships between electrical resistance and actuator strain was 

also included within the models. Therefore, this research contributes algorithms for 

predicting the strain of an actuator wire of any length and diameter, under varying 

load conditions, and with or without the presence of R-phase.

Modeling of the Flexinol alloy was performed using a family of linear curves for 

heating and cooling paths, along with an exponential relationship during transition 

between the two paths. The influence of stress was included through the use of poly

nomial functions for describing the slope and offset parameters of the linear heating 

and cooling paths. Normalization of the model was also performed in order to be 

applicable to actuator wires of any length and diameter. The Furukawa alloy was 

modeled using relatively simpler relationships, with a single polynomial activation 

function describing the relationship between electrical resistance and actuator dis

placement. Each coefficient of the primary activation function was modeled as a 

function of applied stress using polynomial functions, resulting in a set of coefficients 

describing the family of curves. The Furukawa model was also normalized in terms 

of actuator wire diameter and length.

Position control of Flexinol and Furukawa alloy actuator wires was accomplished 

using a simple PID control algorithm with position feedback replaced with predicted 

model position based upon feedback of the electrical resistance and applied load. Suc

cessful tracking of step-wise and continuous desired position signals was demonstrated 

for both alloys, using exclusive models developed for a single actuator wire as well as 

the normalized models. Applied load conditions were changed during position control 

experiments in order to verify the models’ ability to adapt to varying applied stress. 

Although model errors occurred due to the numerical fitting of the model functions, 

the overall mean error during control experiments was approximately 2.85% of the
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typical total actuator stroke of 4% strain.

Position control using the simple PID control algorithm successfully demonstrated 

the ability of the models to predict the actuator position to replace sensor feedback. 

However, more sophisticated and robust control algorithms may also be used with 

model feedback in order to improve the performance of the control system. Feed

forward control terms may also be included based upon the model prediction. Al

though the applied stress is a necessary input, measurement of the actuator load may 

be replaced with a model based upon environmental conditions or known boundary 

conditions.

The configuration of the models also provides flexibility in terms of the fitting 

functions since higher order polynomials or more elaborate functions may be used for 

increased accuracy. For example, an artificial neural network model of the heating 

and cooling functions may be able to capture the non-linear and indeterminate regions 

in order to replace the simple linear asymptotes. The exponential transition function 

of the Flexinol model need not be altered in this case since a differential approach is 

used for the model algorithm. While an averaged activation curve is recommended for 

the Furukawa model, transition curve functions are also proposed which may increase 

model accuracy at the cost of higher complexity.

Some other improvements could also be addressed in future research using the 

proposed models. For example, the model coefficients may be related to material 

properties after an extensive characterization of the behaviour in terms of applied 

stress, strain, electrical resistance, and temperature. By assuming a given set of 

transformation functions, it may also be possible to estimate the actuator temper

ature based upon the measured electrical resistance. Furthermore, the influence of 

actuator cycling and fatigue may also be included with logarithmic functions for the 

appropriate strain and resistance parameters.



A ppendix A

Load Cell C alibration

Calibration of the load cell is performed using a set of known laboratory calibration 

weights whose masses are verified using a precision scale. The test stand is configured 

with a hook attached to the load cell through a universal joint, and the output voltage 

of the Ectron 563H amplifier and signal conditioner is measured for a series of masses 

between 10 g and 1000 g. The output voltage for each test point is averaged over 

a recorded duration of 10 seconds. A linear curve is then fitted to the experimental 

data in order to determine the slope, nip, and offset, bp, of the load cell force-voltage 

relationship as defined by equation 3.2. Note that the masses of the components which 

are used to hang the calibration weights from the load cell must also be included in 

the analysis, and are measured using a precision scale. Equation A.l shows the linear 

fitting function with the appropriate slope and offset values, where the input is the 

measured voltage signal, V, in volts and the output is the load, F, in Newtons. The 

linear correlation coefficient is approximately 0.9999985.

F  =  12.7297V" -  0.0598 (A.l)

Figure 118 shows the resulting experimental data and linear fitting function.
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Figure 118: Linear fit of experimental data for load cell calibration.



A ppendix B

LVDT C alibration

The LVDT sensor is calibrated by hanging the probe from the test stand and moving 

the transducer housing relative to the test stand mounting position. Measurement 

of the true displacement is accomplished using a digital micrometer, where the dis

placement of the probe is considered relative to the upper edge of the LVDT housing. 

Similar to the load cell calibration process, the sensor output is recorded for a dura

tion of approximately 10 seconds and averaged for each data point. A linear curve is 

then fitted to the experimental data in order to determine the slope, ms, and offset, 

bs, of the current-displacement relationship defined by equation 3.1. Equation B.l 

shows the linear fitting function with the appropriate slope and offset values, where 

the input is the measured current signal, I, in amperes and the output is the probe 

displacement, <5, in millimetres. The linear correlation coefficient is approximately

0.9997455.

<5 =  315.842/ -  1.2195 (B.l)

Figure 119 shows the resulting experimental data and linear fitting function.
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Figure 119: Linear fit of experimental data for LVDT calibration.



A ppendix C

Flexinol M odel A sym p tote  S lope &; Offset 

D eterm ination

The slope and offset of the heating and cooling asymptotes for the Flexinol alloy 

model axe determined using the following algorithm implemented in MATLAB. Note 

that the wire is actuated using an open-loop square wave current signal over 3 cycles 

and the results averaged to reduce noise, with this process repeated for each constant 

load condition.

1. Split the overall hysteresis loop into the heating and cooling portions using the 

applied current as a reference for the heating/cooling condition.

2. For the heating curve:

(a) Compute the piece-wise linear least-squares fitting functions for each data 

point in the heating curve from i — wh to i + wh , where i is the index of 

the data point and wh defines the size of the piece-wise window.

(b) Determine the linear coefficient of correlation, r a t each data point.

(c) Find the region of the heating curve where the coefficient of correlation is 

above some tolerance, r to*
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(d) Compute the linear least-squares fitting function for the region of the curve 

which meets the tolerance condition.

(e) Set the slope and offset of the heating asymptote to be the respective 

coefficients of this linear fitting function.

3. For the cooling curve:

(a) Perform the same piece-wise linear least-squares fitting process as described 

for the heating curve, with a window size of wc-

(b) Determine the linear coefficient of correlation, r at each data point.

(c) Discard any data points whose linear fitting function has a negative slope 

(since a positive slope is expected for all load conditions).

(d) Determine the first and second derivatives of r  with respect to the data 

index, §? and §^.

(e) Retain only data points where r is greater than some tolerance, rtoi,c-

(f) Find the regions where the absolute value of ^  is below a tolerance, r'tol c  

(this narrows the data to regions where the change in linearity is below 

the tolerance).

(g) Depending upon the level of applied stress, there will be either one or two 

regions which meet the above criteria: one corresponding to the interme

diate cooling pathway during transformation from austenite to R-phase, 

and a second corresponding to the cooling asymptote during transforma

tion from R-phase and austenite to martensite. Therefore, if there are two 

regions, ignore the first one.

(h) Find the data point where ^  is minimum.

(i) Compute the linear least-squares fitting function for the three data points 

centred upon the previously determined data point.
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(j) Set the slope and offset of the cooling asymptote to be the respective 

coefficients of this linear fitting function.

The following parameters are used during analysis of the Flexinol alloy: 

wH =  4 

wc = 10 

Ttoi,H =  0.999 

= 0.995

rtoi,c = 0001
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