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Abstract

Shape memory alloys (SMA) exhibit many positive characteristics for application
in smart structures. Control of SMA actuators has typically been limited by their non-
linear behaviour. Actuators using SMA are restricted to low frequency applications due
to the necessary cooling times. Nevertheless, SMA actuators are applied for active
control systems within experimental aerospace vehicles. This thesis is an investigation of
SMA actuator wires for control of a shaft angle. A review of SMA actuator applications
and actively controlled helicopter rotor blades is presented. Experiments performed to
determine the characteristics of the Flexinol SMA wire are then discussed. Control of the
shaft is demonstrated using a single actuator wire and bias load, and two antagonistic
wires. Casual control algorithms developed to successfully follow a target angle and
reject random disturbances are presented. A comparison is made between experimental
data and mathematical models. Finally, the use of SMA actuator wires for control of an

active helicopter blade tip is studied for feasibility.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Contents

1 Introduction 1
1.1  Background & MOtIVALION ....c..ccoveruiiieruintenieiiiiicienenne e sreeiessncnesesssessees 1
1.2 Shape Memory Alloy CharacteriStiCs .......covereiereruicienireriennneniieneeesnseecsseeeresns 3
1.3 Shape Memory AlIoy Model ......cc.coevmiereniiniciiiiiiiniiccnenieieisrcr s 5
1.4  Shape Memory Alloy AppliCAtions ........cccccererereeniereenienie e 9

14.1 SMA Actuated MICrovalves ......c.ccocerveeiiinniiciniinicncnrnitenrcsseeerinne 9
14.2 Miniature SMA Actuated GIiPPeIS.........cccevvereerrurrrurrsersreersteereesseesansnens 11
143 SMA Actuator for Tactile Information Display........cceceeveerercrenuecrenuennne 13
144 Miniature Rotary SMA Latching Device.......coceveeeevennirnrecncnneecenneeneennes 14
14.5 Modular Machine using Rotary SMA Actuators.........ccccecveveeeveeceeneenneenes 15
1.5  Actively Controlled Rotor Blades........cccceveeviiniinvcciinicninceninnenieieeennenenanes 16
1.5.1 Smart Material-Actuated Rotor Technology (SMART)....ccccoevvveverveanen. 16
1.5.2 Helicopter Blade with Integrated Smart Morphing Actuator ................... 18
1.5.3 Smart Hybrid Active Rotor Control System (SHARCS).........cccceevvvinns 20
1.6 ODJECLIVES veerurrrieeirriireriiereieeristeeeeessieresiressseessssessenessssassssssssssessseesassasasasessnes 22

2 Experimental Investigations 24

2.1 ADDATALUS <.ttt st e sttt s e e s e e s e enra e st s 24
2.1.1 Flexinol Shape Memory Alloy Actuator Wire........cccccceeveveervencnerireenueennens 25
2.1.2 POtENtIOMELET ......eoetirireeieneeeceeeten et ee et e et e saessae e e s e e s e essnasneansees 25
2.13 ThermoOCOUPIES. ....couviriiiiereecrenie et e ser e sraesaesaveen 26
2.14 POWET SUPPLY ¢ttt esre st s e e e e sesesvassnessaesssases 28
2.1.5 Bias Load ....ocveeeeiirreeiee ettt e sta e e e e e e e e ea s sesanasananan 29
2.1.6 Data ACQUISItiOn SYSLEIML......cccevurueruerrereriiiririeireseeeneecsietsrssseteneseseeeeses 29

2.2 Methods & ReESUILS.c.ueviiiieiiieniittincieteeenrecessetes et seseteeesasessessnneessesnesssanaees 30
2.2.1 Open Loop RESPONSES.....ocvuiiiiriieiiiieniiiieeneeetesnesseeseesreesnnesanesananne 30
222 Material CharaCteriZation.......ccueeeervervuerseereereieereesseessnneneeessesesesssessenseens 33
223 Single Channel Control Strategies..........coeverrveeirecerrireerreerernneneesreeesenens 37
224 Dual Channel Control Strategies ..........ccoveeeceerverrrerireesersreeseenivesseensaesssens 45

iii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



225 PID Control & TUMINgG ....c.ccceeverieiereererrerereniiereeresiensssessesessenesnssesessesseses
3 Mathematical Models
3.1  Single Channel System Model..........cccceeerenininiiiinieneerieenriereseeressessesseenensees
3.2 Single Channel Simulation ReSUILS.........ccocerieierereereriinieeerinieirecrerseesaessesenas
3.3 Dual Channel System Model ........cccvevrivunriivenririenieninrenienennnenienesienesessesiaees
3.4 Dual Channel Simulation RESUILS ........ccccvrverrerenririeiereneieneneneneneeeneesserensessenes
4 Applications to SHARCS Project
4.1  SHARCS Blade GEOMELIY......crcvcererrereerrerererirenearesseresessessessesersessssesssssssessennes
4.2 Operating CONAitiONS ........ccceerererrrerreenrerienrerienteniersseessessesiessessessessessasssssessessens
4.3  Blade Tip Loading Model.........ccocerviriniiriniinininieienenreirenrerererseneseesessssessennes
4.4  SMA Tip Actuator FEasibility .........cccvverrerenrenereriererenenerseeenesessesnseressenssennes
4.5  Full-Scale Actuator FEasibility ..........cccecerrereriererierernreriesurenerenisresseseesesseressensens
5 Conclusions
References

v

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

58
58
59
60
68

70
70
72
72

79

81

83



List of Tables

Table 1.—Bias lOAA MASSES. ......cuvverereeririvsiisieriisiisiicienteneeneeresessessessssssestsssesssssesssssessesssans 29
Table 2.—Applied Dias LOAS. .........ocvevveeeeereineenineeiecieeteceeteseeesesesaessesssssesnsesaesaennes 32
Table 3.—Flexinol material properties assumed from literature. ..........ccoooeeeveeeeuenencnnnen. 34
Table 4.—Flexinol material properties determined from experiment. .................ccceeuue... 36
Table 5.—Applied current values for control algorithm I. ............c.coovuerveevievviviiniincuennnen. 38
Table 6.—Applied current logic for control algorithm II. ..............cocoeevevcirneeccnreeaenns 40
Table 7—Modified applied current logic for control algorithm II. ...................couvevuernnn. 41
Table 8.—Conditions for casual control algorithm IIL. .................ceeveevrvveeeevnnererevverieens 41
Table 9.—Current increments and regional gains for control algorithm IV.................... 43
Table 10.—Conditions for control algorithm V. ............ccevvvecveeveennicsevenenncininisenersveeenne 46
Table 11.—Modified conditions and current values for control algorithm V. ................. 47
Table 12.—Conditions for control algorithm VI .............covveeeiueveeseenienieeeerieesresissssessenas 48
Table 13.—Modified conditions for control algorithm VIL..............cccovvvvuerienivnrneneneene 50
Table 14.—Experimentally determined values for coefficients in equation 15. ............... 54
Table 15.—Gains determined through Ziegler-Nichols tuning method I. ........................ 55
Table 16.—Gains determined through Ziegler-Nichols tuning method II. ....................... 56
Table 17.—Single channel model simulation parameters. ............vrerevirrcrivivisreisssuns 59
Table 18.—Dual channel model simulation PArameters. ...........ceeeverceesrenrerireerersessersenes 68
Table 19.—Parameters assumed from a full scale Bo-105 rotor blade. .......................... 79
v

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Figures

Figure 1.—NASA/Boeing SMA actuated jet engine cChevron. ...............cveienvecrennnnne, 2
Figure 2.—SMA stress-Strain-temperature CUTVE. ..........c.eceeevevuereirurinvonnaiosisssssssesssnens 4
Figure 3.—CWRU Biorobotics Autonomous Hybrid Robot. ..............cucvevvvnivniisviinnnnnns 9
Figure 4.—CWRU Microvalve CONCEPL. ..........coveeuinevivuiriiininneiinisinnisniniessissesseessssnsnns 10
Figure 5.—KUL implantable drug delivery system microvalve design. ................ccccun.. 11
Figure 6.—University of Tokyo SMA actuated clean gripper. ................ccovviuvvunvununnnnne. 12
Figure 7.—lInstitute of Microtechnology SMA actuated gripper. ............cuvevevvvrerviniennnn 12
Figure 8.—Laboratoire de Robotique de Paris SMA actuator concept ........................... 13
Figure 9.—Laboratoire de Robotique de Paris display grid concepit. .................cconuenn... 14
Figure 10.—Miniature SMA rotary latching device. ..........c.ocovuevrecriveviinecevccsisinsennennn 15
Figure 11.—DSYSD modular machineg CONCEPL..........uuuuverurerirvsririesrecossssosssrossosssnsinns 15
Figure 12.—Operation of the rotary SMA GCHUALOT. ........cuuueceecrecrcreareniireeresesissesensones 16
Figure 13.—Boeing SMART rotor blade concept. ................uiuvueinivvsuvnnncnnvvnecirvnissennnnes 17
Figure 14.—SMART rotor blade actuation MechAniSMS. ............cuevveevirveererseerseisierinenees 18
Figure 15.—IARC actively controlled rotor blade tip concept..................ccocveervvvnuennins 19
Figure 16.—SHARCS rotor blade with ACT, ACF, and APL subsystems. .............c.c..... 20
Figure 17.—Conventional pitch link and Active Pitch Link concept................cooveuvnen 21
Figure 18.—Flow chart representation of experimental SetUp. ............ccccueveeeveeesuervivennens 24
Figure 19.—Thermocouple signal conditioner calibration data. ......................ccceuvenevese. 27
Figure 20.—EXDPerimental SEIUP. ...............cowevuevoeeruesieniesieneiseresseeseeeresseeeseessessssosessassaene 28
Figure 21.—SMA actuator wire cycling data. .................c.couevcrvevirecririvccsersveosenssenensueenen 31
Figure 22.—Open loop responses to varying bias loads. ................c.ccccveeveervcnvvinvcnnnnns 32
Figure 23.—Transformation temperature extrapolation deviation. ..................ccceveuenne. 35
Figure 24.—Austenitic transformation temMPeratUres. ..............coevevrerurerurrerersrsesseeeseseneenns 36
Figure 25.—Martensitic transformation temperQtUres. ..........eecceeerevereerrcreveraresisssscsanes 37
Figure 26.—Shaft response using control algorithm L. ............c.coccccoveevoineveeenenvenneinnnns 39
Figure 27.—Shaft response using control algorithm I1L. ..........c..ccuoveeveenvereuenncervinienanns 42
Figure 28.—Shaft response using casual control algorithm IV. ..............ccoccoveeevuvvvennnnn. 45
vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 29.—Shaft response using control algorithm V. ................ovevvvvvvvivninsivsuenenenne 48

Figure 30.—Shaft response using modified control algorithm VL. ...............ccovvereererccnunas 49
Figure 31.—Shaft response using control algorithm VIL................ccueeeriviiiniecciineennennae 51
Figure 32.—Shaft response using control algorithm VIIL. ..............cccocvvivinnvnneinionnnnnnns 52
Figure 33.—Visualization of current output for control algorithm IX. ..............c............. 53
Figure 34.—Shaft response using control algorithm VIIL. ................ccccvuivviinevnsiinnncnncn. 54
Figure 35.— Single channel model simulation reSults. ............o..ocuevvevvercesseerirsrensirnenaens 60
Figure 36.— Flow chart of Newton-Raphson solution method. .....................cccuvvueeuvenee. 67
Figure 37.—Dual channel model simulation reSults. ...............oovvnveninsincniinnncninnnnan, 69
Figure 38.—SHARCS blade 10D VIEW. ........oovvreeverereeeeeieneccrceertennaseeeneeesenesetseneesenns 70
Figure 39.—SHARCS geometric twist diStrIDULION. ......eeceveveerersuecersrinerieiereriesisesssnsennens 71
Figure 40.—SHARCS thrust diStrIDULION. .........covreriveveenririeniesiinseenresssesssesiosescssesessssessenses 76
Figure 41.—SHARCS bending MOMENL. ............coveveviverisvniisiisisseniiesenesisessissosiosssssssss 76
Figure 42.—SHARCS net hinge moment for various anhedral angle settings. ................ 77
Figure 43.—Possible configuration for SHARCS tip hinge.............ccocnvviirivvnuenennunnnnn, 78
Figure 44.—Tip hinge moment for full scale SHARCS............ccccrcvevvercvmnivninniisicnsiinennens 80
vii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Nomenclature

a Slope of lift coefficient curve.

A Rotor disk area.

Af Austenite finish transformation temperature.
Ag Austenite start transformation temperature.

c Blade chord length.

Ca Austenite stress influence coefficient.

Cuy Martensite stress influence coefficient.

Cr Thrust coefficient.

E Young’s modulus.

E, Austenite Young’s modulus of elasticity.
Ey  Martensite Young’s modulus of elasticity.
F Prandtl tip loss factor.

h Tip hinge radial location.

Iy Pre-amplified control current.

Iz  Offset control current.

1,  Output control current.

I,,s  Reference control current.

K, PID proportional gain.

K, Ziegler-Nichols ultimate gain.

L Ziegler-Nichols dead time; SMA wire length.
M,  Aerodynamic tip hinge moment.

Mc  Centrifugal tip hinge moment.

M;  Martensite finish transformation temperature.
M, Martensite start transformation temperature.
My  Total tip hinge moment.

N Number of blades.

P,  Ziegler-Nichols critical period.

r Shaft radius; normalized radial location.
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Rotor blade radius.

Temperature; Ziegler-Nichols time constant; thrust.
PID derivative time constant.

PID integral time constant.

Radial location variable.

Radial location variable.

Signal conditioner voltage gain; control coefficient; coefficient of thermal
expansion; Newton-Raphson solution variable.

Austenite thermal expansion coefficient.

Martensite thermal expansion coefficient.

Signal conditioner voltage offset; control coefficient; tip anhedral angle; Newton-
Raphson solution variable.

Control current gain; control coefficient; Newton-Raphson solution variable.
Control coefficient.

Control current increment.

Shaft angular error.

Strain; compound error signal.

Maximum residual strain.

Newton-Raphson convergence residual.

Inflow ratio.

Blade mass per unit area.

Shaft angle; blade geometric twist.

Thermal expansion modulus.

Air density.

Stress; rotor solidity.

Shaft target angle.

Shaft angular speed.

Transformation tensor; rotor rotational velocity.
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4 Directional control factor.
& Martensite fraction.

& Initial martensite fraction.
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1 Introduction

1.1 Background & Motivation

Smart materials, such as piezoelectric ceramics and shape memory alloys, have
become a popular alternative to conventional actuation methods. Hydraulic, pneumatic,
or electromechanical actuators typically require a complex structure of support
mechanisms. For example, a hydraulic actuator on a commercial passenger jet requires
filters, pumps, reservoirs, and an elaborate network of conduit lines in order to provide
and maintain the desired actuation capabilities. A similar system using smart materials
could be almost entirely localized with very little support structure required—decreasing
the effective mass of the actuator. The most commonly used smart materials are
piezoelectric ceramics and shape memory alloys.

Piezoelectric materials demonstrate a coupling between applied stress and electric
polarization. The piezoelectric effect results in a voltage developed across the material
when subjected to an applied stress. Furthermore, an applied voltage leads to a stress or
strain depending upon the boundary conditions. Piezoelectric materials offer the ability to
precisely position an object to within nanometre resolution and have a wide range of
operating frequencies. These properties make them ideal in applications where very
accurate positioning is required or where vibration attenuation is a primary goal.

Shape memory alloys exhibit a similar coupled effect between temperature and
mechanical deformation. The phenomenal behaviour of shape memory alloys can be
separated into two categories: shape memory effect and superelasticity. The shape

memory effect is demonstrated when the alloy appears to be permanently deformed but
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the application of heat restores the shape to a previous geometry. Superelasticity, while
dependent upon the same physical processes, is demonstrated by the alloy’s ability to
recover a very high deformation without the application of heat. The difference between
the two processes is dependent upon the surrounding temperature and applied stress. Both
superelasticity and the shape memory effect may be exhibited by the same material, yet
under different conditions. The shape memory effect is favoured over superelasticity for
actuator applications, since it is desirable to actively control the strain recovery.

Research on the use of shape memory alloys for actuation has been primarily
focused on on/off control due to the highly non-linear relationship between stress, strain
and temperature. Actuators employing shape memory alloys cannot typically reach
intermediate positions within the stroke. Active cooling is also difficult to implement in
most shape memory alloy based actuators, causing a large response time for the actuator

to return to its original configuration. Despite these problems, research and development

Actuator Spring

Cover plate with heater

<~ Aftach Fasteners

| Base Chevion |
+ T ‘Composite Laminate

NiTinol Composite
SMA substrate:

Stream

Figure 1.—NASA/Boeing SMA actuated jet engine chevron [1].
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of actuation systems using shape memory alloy continues to demonstrate positive results.
Shape memory alloy wires or strips may be integrated into composite structures to
achieve variable geometry capabilities. Research by NASA and Boeing has led to a shape
memory alloy actuated active jet engine chevron shown in Figure 1 [1] [2]. The static
chevrons—arranged around the exhaust nozzle of the engine—may be actively protruded

into the exhaust flow region in order to reduce engine noise during take-off and landing.

1.2 Shape Memory Alloy Characteristics

Shape memory alloys behave similar to conventional metals but undergo
phenomenal crystallization processes when subject to specific levels of stress and
temperature. As previously mentioned, shape memory alloys can recover great amounts
of strain through the shape memory effect or superelasticity. The material consists of two
phases: martensite and austenite. It should be noted that there exists two types of
martensite (stress-induced and temperature-induced), however, for simplicity they will
not be dissociated. Martensite is dominant at both high stress and low temperatures,
whereas austenite is dominant at low stress and high temperatures. The phenomena of
superelasticity and shape memory effect are both attributed to the transformation of the
material between martensite and austenite. Although the material appears to be plastic
there is simply a transformation of the internal structure resulting in an apparent
permanent deformation. When recovering a stored geometry, the material transforms

from martensite to austenite whereby the previous crystal structure is re-established.
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Figure 2.—Stress-strain-temperature curves for: (a) shape memory effect, (b) shape memory effect
with residual stress, (c) superelasticity.

Figure 2 demonstrates the behaviour of the shape memory alloy during various
transformation processes. Figures 2(a) and 2(b) represent the shape memory effect, while
figure 2(c) represents superelasticity.

In figure 2(a) the material follows an initial linear elastic stress-strain curve from
1 to 2 before beginning the transformation to a deformed configuration at 3 (although no
plastic deformation has occurred); the material is unloaded from 3 to 4 with a residual
strain representing the deformation; heat is applied and the temperature rises with no

strain recovery until a critical temperature is reached at 5; transformation to austenite
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occurs as the temperature is increased between 5 and 6, returning the material to its
previous geometry.

Figure 2(b) represents a similar process but with some applied stress maintained.
Again the material is loaded in the linear elastic region from 1 to 2 and then deformed
until reaching 3; an incomplete unloading occurs from 3 to 4 with some stress remaining;
temperature is again increased until transformation to austenite occurs between 5 and 6,
recovering the previous geometry; the material is cooled from 6 to 7 until reaching
another critical temperature at which it begins transformation back to martensite;
however due to the applied stress the material strains to the deformed configuration until
reaching 8 as it cools to ambient temperature.

Figure 2(c) demonstrates the superelasticity phenomenon. The material is loaded
from 1 to 2 and transforms to the deformed configuration from 2 to 3. As it is unloaded
from 3 to 4 the material behaves like a linear elastic solid. When reaching a critical stress
level at 4 the shape memory alloy transforms back to the previous geometry until

reaching 5 and completely unloading.

1.3 Shape Memory Alloy Model

Modeling of the SMA actuator wire was based upon the Liang & Rogers [22]
SMA model. Since the SMA actuator was a wire, it could be considered one-dimensional,
and hence any strain considered simply a change in length. The relationship between
stress and strain could be written similar to Hooke’s Law, and is referred to as the

Constitutive Equation, equation 1.
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Ao = E(E)Ae + Q(E)AE + O(E)AT
Eq. 1

The Young’s modulus, E(¢), transformation tensor, £X(£), and thermal expansion

modulus, & &), were all functions of the martensite fraction, & These functions were
given by equations 2 to 4. The subscripts A and M represent the austenite and martensite

phases respectively.

Eq. 2
Q&)=-E)e,
Eq. 3
0(&)=EQN1-{)a, + S, ]
Eq. 4

Therefore in addition to strain developed from applied stress and temperature
changes, there is a compressive strain associated with the transformation between
austenite and martensite. The maximum value for this strain is given by &, the maximum
residual strain.

The martensite fraction, & could be defined by another set of equations, referred
to as the Phase Transformation equations. Phase transformations occurred in two
directions, from martensite to austenite, or from austenite to martensite. Both
transformations occurred only during a specific set of conditions, dependent upon the

temperature and stress.
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Transformation from martensite to austenite occurred when the SMA was heated
from the austenite start temperature, Ay, to the austenite finish temperature, Ay After
surpassing Ay, the SMA was entirely in the austenite phase. This transformation was

governed by equation 5.

.f=(—i1j{cos[aA [T—As —%ﬂﬂ}, A <T<A,

Eq.5

The coefficient, au, in equation 5 must satisfy the condition that £ = & when T =

A; and £=0 when T = Ay. Therefore, ay4 is given by equation 6.

Eq. 6

The transformation temperatures themselves are dependent upon stress through a
linear relationship according to equations 7 and 8, where Cy4 is the stress influence

coefficient for the austenite phase.

A=A+Z
C,

Eq.7
! o
A=A, +—
A

Eq. 8

7
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Transformation from austenite to martensite occurred when the SMA was cooled
from the martensite start temperature, My, to the martensite finish temperature, My. Once
cooled beyond My, the SMA was entirely in the martensite phase. Transformation in this

region was governed by equation 9.

el ) oo

Eq.9

The coefficient, ay, must satisfy the condition that £ = & when T =M, and £=1

when T = M. Therefore, ay is given by equation 10.

Eq. 10

The transformation temperatures are again dependent upon stress, and given by

equations 11 and 12, where Cy is the stress influence coefficient for the martensite phase.

M =M+
CM
Eq. 11
M =M, +i
CM
Eq. 12
8
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It was also important to note that the initial martensite fraction, &, is a constant
throughout an entire transformation region. Once a transformation ends, the final value of
the martensite fraction becomes the initial value of & for the next transformation.

Furthermore, there is no phase transformation if the temperature is not within either set of

transformation temperatures. Hence, the martensite fraction remains a constant.

1.4 Shape Memory Alloy Applications

1.4.1 SMA Actuated Microvalves

The Biorobotics Group at Case Western Reserve University in Cleveland, Ohio, is
developing robots that mimic crickets, as shown in figure 3. Actuation of the robotic

appendages is powered using a miniature pneumatic system [3].

Figure 3.—CWRU Biorobotics Autonomous Hybrid Robot [3].

Notably, the pneumatic system incorporates shape memory alloy actuated

microvalves. The microvalve design uses a spring component to act as a bias closing
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force, and an SMA actuator to generate an opening force. Fluid flow rate is proportional
to the applied current in the SMA. Figure 4 illustrates the overall concept and the
prototype. The valve is manufactured by sputtering nickel and titanium on a silicon

substrate.

[l

Figure 4—CWRU Microvalve concept, (a) closed, (b) open, (c) prototype [3].

A second microvalve concept has been designed as part of the European Brite-
Euram project, SMA micro Actuators for Medical Applications (SAMA) at the
Katholieke Universiteit Leuven (KUL) in Heverlee, Belgium. The microvalve design,
shown in figure 5, is for use in an implantable drug delivery system [4]. The pinch valve,
composed of silicon rubber, opens through the heating of a shape memory alloy wire
actuator. The contraction of the flexture causes the valve to release the contents of the
system. Electronic components are easily integrated into the component. Furthermore, its

simplicity makes it ideal for mass production.

10
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SMA WIRE

Figure 5—KUL implantable drug delivery system microvalve design [4].

1.4.2 Miniature SMA Actuated Grippers

Research on shape memory alloy actuators at the University of Tokyo has led to
the development of a miniature SMA actuated clean gripper. The gripper, as shown in
figure 6, is designed for use in applications where delicate and precise handling is
required [5]. Actuation is accomplished using a set of antagonistic SMA wire actuators
for each cantilevered finger. Although the gripper was tested only using one actuated

finger, force and position control was successfully accomplished.

11
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Figure 6.—University of Tokyo SMA actuated clean gripper [5].

A microscale shape memory alloy actuated gripper for miniaturized
manufacturing applications is being developed at the Institute of Microtechnology in
Braunschweig, Germany. Fabricated from a 360 pm thick wafer of silicon, the gripper
has flexural hinges and employs an antagonistic set of SMA foil actuators to open and
close [6]. The actuators themselves have a thickness of 50 um. Figure 7 shows the design

of the gripper and SMA actuators.

SMA actuator

silicon structure

Figure 7.—Institute of Microtechnology SMA actuated gripper [6].
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1.4.3 SMA Actuator for Tactile Information Display

Shape memory alloys are used in the design of an actuator for tactile information
display (such as Braille) typically used by the visually impaired. Research performed at
the Laboratoire de Robotique de Paris shows the feasibility of using SMA spring
actuators to displace an array of miniature pins [7]. Figure 8 demonstrates the concept.
Two SMA springs are arranged antagonistically to allow actuation in both directions.
Figure 9 shows a prototype of the actuator and a concept for an 8x8 display grid.

The use of an array of display grids allows the user to read multiple lines of text at
once after which the system may be commanded to display the next lines. Shape memory

alloys make the actuator low cost and easy to integrate into arrays.

/.C,omact piii/Surface

Loesnes QR sommss oy ST

¢ SMA spring 2

+— SMA spring 1

)

Figure 8.—Laboratoire de Robotique de Paris SMA actuator concept [7].
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Figure 9.—Laboratoire de Robotique de Paris SMA actuator prototype and 8x8 display grid concept [7].

1.4.4 Miniature Rotary SMA Latching Device

Developed for the Goddard Space Flight Centre by the Johns Hopkins University
Applied Physics Laboratories, the simple rotary shape memory alloy device depicted in
figure 10 may serve a wide range of applications [8]. An actuator composed of a strip of
shape memory alloy is twisted by a prescribed angle and inserted into an assembly loaded
by a bias torsional spring. When heated, the SMA actuator counteracts the torsional
spring and turns the latch pin.

This latching device is designed for use in space applications, such as the

separation of spacecraft components or the release of appendages.

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4
£
Ly

Latth Binvin: :
=3 tch Latch Pin in:
oo Lo g Position Ralsuse Position

" Tulsted SRR Strip
Yot Hested)

B

Tortsion ! ten SMASHg
Glas Spring Straightened by
Hewting

030 inck
7.6 mimp

Figure 10.—Miniature SMA rotary latching device [8].

1.4.5 Modular Machine using Rotary SMA Actuators

The Distributed Systems Design Research Group at the National Institute for
Advanced Industrial Science and Technology in Japan is developing modular robotic
components using miniature shape memory alloy actuators [9]. The modular design will
allow the machine to actively change its configuration in order to explore hazardous
environments or manipulate objects. Figure 11 demonstrates the concept of two

components interacting.

Figure 11.—DSYSD modular machine concept [9].

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The male connectors, A and B, are actuated using preloaded rotary shape memory
alloy torsional springs. Each actuator is composed of two antagonistic SMA springs, as

illustrated in figure 12.

restoring the original
shape (0%:)

<ot heated >
<not heated’> : <heated >

/

fized point

SMA torsion sptings
<niot hested> £ ) <heaed>
<not heated >
[noretation] [rotation CW] [rotation CCW]
(pre-loaded by twisting 180° in reverse directions) (heating upper spring) (heating lower spring)

Figure 12.—Operation of the rotary SMA actuator [9].

1.5 Actively Controlled Rotor Blades

1.5.1 Smart Material-Actuated Rotor Technology (SMART)

Research performed at the Boeing Company has focused on implementing smart
materials into helicopter rotor blades for the purpose of vibration attenuation as well as
blade tracking [10]. The MD900 helicopter blade was modified to include a trailing edge
flap actuated by piezoelectric elements, as well as a trim tab actuated by shape memory

alloy. Figure 13 shows the concept for the full scale rotor blade and cross-section.
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Figure 13.—Boeing SMART rotor blade concept [10)].

Actuators for both the trailing edge flap and trim tab were developed. The systems
were then independently tested at the bench level. The trailing edge flap actuator employs
a set of two piezoelectric stacks acting biaxially to bend a titanium flexure attached to the
outboard mount. This amplifies the displacement capabilities of the piezoelectric stacks
while still producing satisfactory force. The trim tab actuator uses a set of shape memory
alloy torsion tubes to produce an angular displacement. An active locking mechanism
maintains the desired position with another set of shape memory alloy elements.

Both active systems met the requirements of actuation stroke and force. Although
no wind tunnel or whirl tower testing was performed, aeroelastic simulations suggested
that the actively controlled rotor system would greatly improve the aerodynamic
performance of the blades and lead to many benefits such as improved part life. Both

trailing edge flap and trim tab actuator designs are shown in figure 14.
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Figure 14—SMART rotor blade actuation mechanisms for (a) trailing edge flap and (b) trim tab [10].

1.5.2 Helicopter Blade with Integrated Smart Morphing Actuator

An actively controlled helicopter blade tip has been developed at the University of
Rome III in collaboration with the Italian Aerospace Research Centre (IARC) and
University of Palermo in Italy. The blade tip is deflected downward through the

combined use of a magneto-rheological device as shown in figure 15. A shape memory
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alloy based actuator and a set of concentrated masses arranged along the span-wise

direction of the tip [11].

MRF controlled zone

SMA actuator

Figure 15—IARC actively controlled rotor blade tip concept [11].

The moment for deflecting the tip is provided primarily by the centrifugal loads
created by the concentrated masses. The magneto-rheological dampener is used to alter
the stiffness properties of the blade near the tip, providing compliance during actuation.
The shape memory alloy actuator is then employed for position control.

The focus of this work was numerically investigating the aeroelastic response of
the blade and the feasibility of the concept altogether. It was found that the actuation and
deflection of the tip was successful using this combination of devices. Vibration loads
were reduced (except for the out-of-plane loads which increased by a factor of four) and

the aeroelastic stability of the blade was maintained.
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Figure 16—SHARCS rotor blade with ACT, ACF, and APL subsystems [12].

1.5.3 Smart Hybrid Active Rotor Control System (SHARCS)

The Smart Hybrid Active Rotor Control System (SHARCS) introduces a scaled
concept for a rotor blade embedded with multiple active control systems. Three separate
systems are incorporated into the design: the active pitch link (APL), the actively
controlled flap (ACF), and the actively controlled tip (ACT). Vibration reduction is
primarily achieved using both the APL and ACF, while acoustic noise reduction is
primarily achieved using the ACT. Figure 16 demonstrates the SHARCS concept.

The APL is a closed-loop active control mechanism based upon a smart spring
concept [13]. By using piezoelectric actuators, the stiffness and dry friction of the APL

may be varied to adapt its structural response. Thus, the structural properties of the rotor
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blade—stiffness, damping, and effective mass—may be varied as well (since the APL
acts as a boundary condition). The extraction of energy through damping in the APL
reduces vibration [14]. Noise reduction using the APL may also be possible by
superimposing pitch control inputs of 1° amplitude. Figure 17 demonstrates the
conventional pitch link (a) and Active Pitch Link (b).

The ACF is a flow control device spanning from 65-85% radius and covering
15% of the chord length on the trailing edge. Aerodynamic properties of each blade can
then be altered to achieve reduction of noise [15] and vibration [16] [17] [18] [19]. A
high blade torsional stiffness enables the ACF to perform as a high-lift device—
downward flap deflections yield an increase in lift. Conversely, when the blade torsional

stiffness is low, the ACF performs as a servo-tab—downward flap deflections cause a

(@) ()

Figure 17.—(a) Conventional pitch link and (b) Active Pitch Link concept [12].
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nose-down pitching motion of the blade (decrease in lift).

The ACT is an open-loop flow control device extending over the outermost 10%
of the rotor blade. Individual blade tip anhedral angles may be adjusted by the pilot to
reduce noise. A downward deflection of the blade tip increases the distance between the
generated vortices and subsequenf blades—decreasing the effects of BVIL. The anhedral
deflection also results in a redistribution of lift along the tip; hence, the tip vortex strength

is reduced.

1.6 Objectives

The goal of the research presented in this thesis is to investigate the feasibility of
shape memory alloy wires for antagonistic angular position control of a shaft. Casual
control algorithms were conceived and tested for both a single actuator wire and dual
actuator wires acting upon the shaft. It was assumed that linear-time-invariant control
theories could not be applied due to the non-linear behaviour of shape memory alloy.
However, PID control and Ziegler-Nichols tuning methods were attempted. A model of
the shape memory alloy actuated shaft was constructed for both the single channel and
dual channel cases. Comparison between the experimental results and model results are
presented for validation.

Research into this application of shape memory alloy is motivated by the
requirement of an actuation system for a helicopter rotor blade tip flap for the SHARCS
(Smart Hybrid Active Rotor Control System) project. The SHARCS project aims to

attenuate both noise and vibration on helicopters using multiple active systems installed
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on each rotor blade. One system, the actively controlled tip (ACT) flap, will serve as a
static device, deflecting the outermost 10% of the blade downward to achieve an anhedral
angle of 0-20°. The purpose of the ACT is to decrease the effects of blade vortex
interaction (BVI) by both increasing the miss distance between the tip vortex and
succeeding blade (avoiding a collision) and by decreasing the strength of the vortex itself.
Such a system may be an ideal application of shape memory alloy for actuation.
However, it will also be shown that the aerodynamic and centrifugal loads acting upon

the tip flap are too large for a shape memory alloy based actuator at the scale of the

SHARCS blade.
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2  Experimental Investigations

2.1 Apparatus

The research and development of a controller for an SMA based hinge actuation
system was conducted at the bench level. Figure 18 depicts the setup in flow chart. A
rotary shaft, supported by a set of bearings, was used to represent a flap hinge. Angular

position of the shaft was measured by a potentiometer. Thermocouples were used to

tviii) Signal
Condlitioner
Thermocouple «
v
i) ] i
Labview |23 Nreo14 @ o power | €[ spa ACDC
Controller DAQ Board € P Supply Actuator Adaptor
(iv)
¢1) Potentiometer i Shaft &)
Bias Load
(i) Conlroller O fv)  SMA Wire Teuperature
i) Voltage Control Sigual {vif) - Potentionieter Cmtput
(i) .. Applied Current (i) Sienal Conditioner Output
(iv).. Actuation Force fix) . Applied Current Feedback
(v). - Shatt Angular Position ) . Sensor Power luput

Figure 18.—Flow chart representation of experimental setup.
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