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ABSTRACT

Abstract

A simulator is developed to model and design high strain shape memory alloy (SivrA)

tension actuators. The simulator may be used to predict characteristics of a given

actuator, or to design its geometry under specifications such as force, speed, stroke and

size. The accuracy of the model is verified experimentally in reference to an existing

NiTi shape memory alloy prototype actuator. Having developed sorne confidence in

the model, the performance of the proposed actuation mechanism is compared to other

existing technologies. In particular, the force-displacement and speed characteristics

of a micro-solenoid electro-magnetic actuator and a muscle-size pneumatic actuator

are compared to those of the SNIA actuators \vith same dimensions.

A new concept of designing shape memory alloy bending actuator is presented in

the end of the thesis. Part of the modelling work is accomplished in this research by

developing a software simulator which is capable of predicting the geometric transfor

mation of the actuator during bending. As a result, the dynamic strain of each SJ\LA.

fiber in the actuator can be computed given a bending ~xis and angle. Graphical dis

play of the bending transformation is implemented using in house software package.

Further investigation of modelling and control of the SivrA bending actuator is left as

future work.
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RÉSUwIÉ

Résumé

Dans cette thèse, on dévelope un modèle, puis un simulateur informatique d'actionneurs

à mémoire de forme à grande course. Le simulateur peut prédire les caractéristiques

d'un actionneur donné ou servir à dimensionner un actionneur selon des spécifications

telles que la force, la vitesse, la course et la taille~ Une validation expérimentale du

simulateur et du modèle est faite en référence à un actionneur déjà disponible. Ayant

gagné une certaine confiance dans le modèle, la performance d'actionneurs de ce type

est comparée à celles d'autres technologies. On compare en particulier la performance

de ces actionneurs à mémoire de forme à celles d'un micro-solenoïde électromécanique

et à celles d'un actionneur pneumatique à chambre élastique.

Un nouveau concept d'actionneur à mémoire de forme qui travaille en flexion est

aussi présenté. La modélisation de cet actionneur est faite en spécifiant ses propriété

géométriques au simulateur. Ceci permet de calculer l'étirement de chaque fibre

étant donné un angle de flexion. Les résultats sont présentés de façon infographique.

Une modélisation plus détaillée et la commande de ce nouvel actionneur pourra faire

l'objet de travau.x ultérieurs.
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CLA.Il\tI OF ORlGINALITY

Clairn of Originality

The author of this thesis daims the following original contributions:

• the design of the software simulator for NiTi shape memory alloy actuator.

• the design of the shape memory alloy bending actuator prototype.

• the design of the software simulator for modelling the geometric transformation

of the prototype SMA bending actuator.
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1.1 OVERVIE\V

CHAPTER 1

IntroductiOl1.

1. Overview

The research of this thesis involves the investigation of mechanical and thermal

properties of certain nickel and titanium (Ni-Ti) based shape memory alloys (SIvrA).

A mathematical model of SIvIA. properties useful for designing micro actuators is de

veloped. The model of a novel SIvIA tension actuator is created and the accuracy

of this model is verified experimentally in reference ta an existing NiTi shape mem

ory alloy prototype actuator. A new concept for making SIvIA bending actuators is

proposed and simulated.

Chapter 2 of the thesis gives some background information on the applications

of shape memory alloy actuators as weIl as a brief literature review on the modelling

aspect. The distinguishing mechanical characteristics of shape memory alloys are

detailed in Chapter 3, in which the mathematical model of a particular type of SNIA.

fiber is constructed based on Ikuta's variable sublayer approach [1] proposed in 1991.

An application of this model to the analysis and design of SM..l.\. tension actuators is

seen in Chapter 4. Chapter 5 explores a ne"w strategy for building miniature SlVIA.

bending actuators. Further discussions of the simulation results are presented in

conclusion in Chapter 6.
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1.3 THE PHASE TRANSFOfu\1ATION

2. The Shape Memory Effect

Shape memory effect (SME) refers to the ability of certain novel materials to

recover a predetermined shape when heated [2]. When a SiVIA is in Martensitic

phase (M-phase) at low temperature, it has a very low yield strength and can he

deformed quite easily into a new shape, which it retains. However, when the material

is heated so that it is in Parent phase (P-phase), aiso called A.ustenic phase at high

temperature, the alloy undergoes a change in crystal structure which causes it to

return to its original shape. If the SiVrA is loaded during this transformation, it can

generate extremely large forces. This phenomenon provides an unique mechanism for

actuation.

The phase transformations between Martensite and Austenite are characterized

by four transformation temperatures [2]. NameIy,

(i) NIs , the ivIartensite starting temperature,

(ii) MI, the ivIartensite finishing temperature,

(iii) As, the Austenite starting temperature,

(iv) A j , the A.ustenite finishing temperature.

An illustration of the shape memory effect is shown in Figure 1.1. There is no

change in the shape of a specimen cooled from a temperature above AI to beImv

111, When the specimen is deformed below NIf, it retains the deformation until it

is heated. The shape recovery begins at As and is completed at AI. Upon this, the

shape memory can only be reactivated by deforming the wlartensitic specimen once

again. In other words, the shape memory effect is a one time only occurrence and

because of this it is frequently referred to as one-way shape memory [2].

3. The Phase 'Transformation

Shape memory alloys show distinct physical properties at different phases as

shown in Figure 1.2. This behaviour is caused by the transformation of material

3



1.3 THE PHASE TRANSFOIDIIATION

• above Ar

SPECIMEN

cooüng belowMf

defonned

•

•

original undeformed shape

FIGURE 1.1. The illustration of Shape Memory Effect.

lattice structures during phase transitions. For an exploration of the microscopie

phenomenon refer to [2].

It can be seen from Figure 1.2 that the temperature indueed phase transforma

tion results in a eorresponding change in the physieal attributes such as eleetrieal

resistanee, length and volume of the alloy. NIoreover, it is possible to control the tem

perature of SMA by means of electrical CUITent input. These unique characteristies

have attracted much attention from various fields in industry [3] [4] [5].

3.1. Martensite. When the temperature is belo\v NIf, the shape memory

alloy is under 100% J\tIartensite. Figure 1.3 illustrates the typical stress-strain re

lationship of SNIA in NI-phase. The linear portion of the curve prior to point A

corresponds to the elastie region in which the material returns to the original shape

when the stress is releascd. This property is cornmon among metals.

Since the 1'Iartensitie alloy is quite malleable, a large external stress ean rne

chanically change the internaI structure of a sample, whieh results in a substantial

deformation with only a very small increase in stress. Renee, a plateau occurs in

the stress-strain curve as shown in Figure 1.3, between points A and B. If the ex

ternal stress is removed in this range, the shape of the sample will reeover slightly

4
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Electrical Resistanc

or

Length Change

or

Volume change

•
Ms =Martensite start temperature

Mf = Martensite finish temperature

Temperature

As =Austenite start temperature

Ar =Austenite finish temperature

•

FIGURE 1.2. Temperature Dependence of Physical Properties

but remain deformed. This is similar to plastic deformation, except that with shape

memory alloy, the original shape can be fully retrieved by heating.

vVhen the alloy sample is stretched between points Band C in Figure 1.3, it

exhibits elastic behaviour again. If the stress is released in this region, the S:NIA will

return to its already deformed shape as indicated in the figure by the dotted Hne.

If further stress is applied after point C in the curve, the atomic bonds of the

material will be broken and the alloy will be permanently deformed.

3.2. Stress-induced Martensite. It is weIl known that the phase transfor-

mation of the shape memory alloy is not only dependent on the temperature, but also

on the externai stress.

5
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b

D

•

•

Strain, E

FIGURE 1.3. Typical Stress-strain Relationsmp of Martensite

In an unloaded SMA sample, the NIartensite formation begins when the tempera

ture falls below Ms. However, it is possible to induce tvlartensite formation above j\t[s

by applying sufficient stress to the alloy. The applied stress mechanically transforms

the Austenite crystallattice into that of the N1artensite. Nlartensite formation caused

by external stress is known as stress-induced martensite (SIN1).

Figure 1.4 illustrates how the Martensite starting temperature NIs of the shape

memory alloy shifts with increasing external stress. The other transformation temper

atures move in the same fashion. Since the mechanical properties of tv1artensite and

A.ustenite are completely different, it is clear that any applications of shape memory

alloys involving externalloads should take into account the effect of the stress-induced

Martensite. It has been found that there is a well-defined relationship between the

temperature and the stress required ta induce Martensite formation. NIare of this

will be discussed in the modelling of SNIA properties in chapter three.

6
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• FIGURE 1.4. Illustration of the Stress Induced Martensite

3.3. Austenite. The shape memory alloy is in Austenite phase if its tem-

perature is above AI. As shawn in Figure 1.5, the Austenite SrvIA is rigid, exhibits

properties similar to those of steel or standard piano wire. It behaves elastically up

to a certain level of applied stress (stage A in Figure 1.5). If greater stress is applied,

in stage B the alloy will be permanent deformed or damaged, heating will not return

to the original shape, following stage C.

• 7
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B

Stress

•

•

FIGURE 1.5. Stress-straïn Relationship of Austenite
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CHAPTER2.BACKGROu~

CHAPTER 2

Background

The shape memory effect in alloys was first discovered by the Swedish physicist Arne

Glander in 1932 using an alloy of gold and cadmium. Since then, many materials

have been found to exhibit such properties. The most common is an alloy of nickel

and titanium called Nitinol (NiTi). This particular alloy has very good electrical

and mechanical properties, long fatigue life, and high corrosion resistance. As an

actuator, it is capable of up to 5% strain recovery and 180 J\lIpa stress restoration

with many cycles [6]. NiTi also has resistance properties which enable it to be heated

electrically. Honma, :NIiwa and 19uchi [7] demonstrated that the phase transitions of

the NiTi shape memory is controllable by electric heating, which makes them effective

in micro-robotics.

Over the past decade, the interest in making actuators with shape memory alloy

has been increasing [6, 2, 8]. Conventional technologies such as electric, hydraulic,

and pneumatic actuators have difficulties generating significant power when their size

and weight are scaled do,vn [3]. If the weight requirement of an actuator is 100

grams or lighter, even DC motors can not exceed the power ta weight level of 10

[WIkg]. Shape memory alloy actuators however, can attain a high power to weight

ratio of almost 100 (WIkg]. Since the actuation of SNIA is based on strain energy, its

advantages are more evident in miniature application.

9
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2.1 ADVANTAGES AND LIMITATIONS OF SHAPE MEMORY ALLOY ACTUATORS

1. Advantages and Limitations of Shape Memory Alloy Actu

ators

In addition to the high power to weight ratio, shape memory alloy has several

other advantages for miniaturization. First of aIl, the actuation mechanism is simple.

Similar to pneumatic or hydraulic actuation, the stress by cross-sectional area is

sufficiently high to allow for direct drive, for using phase transformation of the alloy to

convert thermal energy into mechanical forme Therefore, force or torque amplification

systems sueh as gears or serews are not required. In fact the opposite is often needed:

displacement amplification. This observation led to the design introduced by Grant

and Hayward (see Chapter 3). Secondly, shape memory alloy applied to miniature

actuators in weIl selected cases, should lead to reduced production cost and improved

reliability. The cleanliness condition of SwIA as well as bio-compatibility makes it

possible for medical surgery, biotechnology, and mieroelectronics applications. Silent

actuation is another important feature of this approaeh.

Nevertheless, shape memory alloy actuators also come with several limitations.

Generally, the SMA actuators are inferior to others in energy efficiency and fatigue life

regardless of the scale. Furthermore, the dynamic range of the NiTi shape memory

alloy is limited to approximately 8% absolute strain, while in practieal applications

the strain is often restricted to around 5% or less. The life time of the alloy has also

been found to dramatically increase if the fiber is operated at lower absolute strain

[3]. Hunter et al. [8] reported that the cycle lifetime of a NiTi shape memory alloy

sample at a strain of 5% is about 105 • A.nother major complaint about shape memory

alloy actuators is the large time constant in natural cooling that makes the wire slo\v

to relax. However, the surface area to volume ratio increases as wire size deereases,

therefore the disadvantage of slow cooling is less pronounced in miniature scale.

10
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2.2 APPLICATION OF SHAPE MEMORY .4..LLOY ACTUATORS

2. Application of Shape Memory Alloy Actuators

Extensive research has been carried out to find practical applications for shape

memory alloys [2, 9, 10]. One category of interest concerns with applying SJ\lIA

actuators in Endosurgery [11, 12, 13, 14]. Other application fields involve various

micro-robotics research [8, 15, 16]. Exarnples of commercial shape memory actuation

devices include pipe couplings, electrical connectors, coffee-pat thermostats, darnping

devices, glove hammer, etc. Except for the thermostat application, very few of these

applications take advantage of the actuating properties of SMAs.

SMA coil spring

FIGURE 2.1. Miniature Clean Gripper Actuated by SMA

Devices actuated by SrvIA in coii shape is one popular method to make shape

memory alloy actuators. Figure 2.1 gives an example of a miniature clean gripper de

signed by Ikuta [3] using SMA spring cails. Althaugh SrvLA. in coil farrn can effectively

achieve motion amplification, it often requires large diameter SNfA fiber to produce

enough power. This is negative for the response time since the time constant of a

SMA wire is proportionai to its diameter. Other SMA actuator designs include using

straight or curvature shape memory alloy fibers. They both depend on increasing

the size of the actuators in order to amplify the mechanical motion. We will see in

Chapter 4 how this problem was solved by Grant and Hayward.

Il
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2.3 MODELLING

3. Modelling

Even though a substantial amount of work has been concerned with establishing

mathematical models for shape memory alloys, most conventional models existing

in the literature study the behaviour of Sl\IIA from a material science point of view

[17, 18]. They are not suitable for systems engineers for use them in controller design

because these methods must be put in form suitable for systems analysis and design,

which is one topic of this thesis. Linear models proposed by Hashimoto et al. [19] and

by Kuribayashi [20] aIl make the crude assumption that the shape memory behaviour

is linear and ignore the hysteresis due to phase transition. While such an assumption

simplifies the controller design, it is only valid for very small dynamic ranges. A

reasonably successful nonlinear model was developed by Ikuta et al. [1] and extended

by Nladill [21] to account for both major and minor hysteresis behaviour. However,

Ikuta's model did not account for s\vitching bet\veen major and minor hysteresis

loops, while Madill ignored the spring effect existing in shape memory aIloy. Fewof

these models have been used to design SMA actuators and analyze their performance

before they are constructed.

In this thesis, modelling is used to describe the shape menlory alloy actuator

system from different points of view. The characteristics of a SMA. actuator system

are divided into three groups, namely the thermal property (tp), the material property

(mp), and the geometric property (gp). A simulator is designed to model each group

and together the overall behaviour of the system.

The overall system can be described by a constitutive equation

(2.1) G(tp, mp, gp, i, 0", E) = O.

•

where i is the current, (J" is the stress, and E is the strain of the actuator system.

If sufficient input variables ta function are specified, the relation for the rest of

the variables is determined. For a specifie SNIA actuator, the parameters related

to thermal property, material property and geometric property are fixed. Therefore,

G = 0 may be used to characterized the input-output relationship of the system.

12
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2.3 ~IODELLING

Most conventianal models deal with this relationship since it is important for

controller design. But when designing a specifie actuator, stress, strain and sorne

other actuator parameters are given as specifications, while the remaining parameters

are to be determined to satisfy the requirements. A particular common version of this

problem is to design a SMA actuator given stipulations such as force, stroke, size and

material. Conversely, it might be needed ta determine desired material properties

such as transition temperatures, in order to achieve a certain level of performance

given geometrical constraints. In the following chapter, detailed discussion on the

strategy and implementation of the actuator model is presented.

13
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3.1 MODEL STRUCTURE

CHAPTER 3

Modelling of Shape Mernory Alloy

Properties

1. Model Structure

The schematic model of the shape memory alloy is depicted in Figure 3.1. The

three blocks sho\vn in the figure illustrate the temperature-current relationship, the

Rm (Nlartensite fraction)-temperature relationship, and the strain-stress-Rm relation

ship of the alloy. A. computer simulator is developed to model each individual block

and together the overall behaviour of the system.

As seen in the introduction, the shape memory alloy exhibits different mechanical

properties at different phases (Nlartensite, Austenite, or mixture of the two phases).

The stress-strain is dependent on the phase of the alloy. The phase of a shape mem

ory alloy is determined by its temperature and by the externa1 stress applied to it. A

hysteresis is formed during the phase transformation, due to the fact that the phase

transitions follo\v different curves during heating or cooling. There are various meth

ods to control the temperature of the sample. Two commonly used techniques are

electric current input and fluid bath. Submerging a SMA in a fluid bath is convenient

for setting its temperature, however, it might not be always practical. In this thesis,

Ikuta's variable sublayer concept is used ta model the phase transformation of a NiTi

14



3.2 TEMPER.ATURE-CURRENT RELATIONSHIP

•

Thermal property Phase transformation

T

Rm

1

stress ~

Straïn

Mechanical properties

at different phases

strain

Temperature Martensite fraction

•

FIGURE 3.1. The Black Diagram of the SMA Madel

shape memory alloy, while heating SMA fibers with electric CUITent is used to replace

the water bath in Ikuta's experiments.

2. Temperature-Current Relationship

The temperature of the shape memory alloy fiber is difficult to measure due

to its small diameter. However, it has been observed that the strain versus time

characteristic of a S:NIA tension actuator was approximately first order when the

S:NIA fibers of the actuator were heated with constant pulse currents [6].

From the thermal conduction and heat transfer point of view, the internaI heat

energy change of the S:NIA fiber must equaI to the energy dissipated in the fiber by

electric currents, less the energy transfered to the air by natural convection [22].

:Nlathematically, this can be expressed as:

(3.1)
dT(t) .2

p. Cp . V . ----;ft = R· z (t) - h . A . (T(t) - Too )

•
where

p: density of the SMA fiber [kg/m3]

Cp: heat capacity of the SMA fiber [J/Kg·oC]

15
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3.2 TEIvIPERATURE-CURRENT RELATIONSHIP

V: volume of the S1tfA fiber [m3]

T: temperature of the S1tIA fiber [OC]

t: time [sI

i: eleetrie eurrent [arnp]

R: resistance of the SMA fiber [nI
h: heat transfer coefficient [W1m2 OC]

A: surface area of wire [rn2]

Toc: ambient temperature [OC]

Solving equation 3.1 for T yields:

(3.2) T(t) = Ce-a'l~ eaTi 2 (r)dr + Coe-a, + Too

C is essentially the dissipation that affects the steady-state value of the temperature,

while a is the capacitance which deterrnines the time constant of the system.

where C and a are t~errnal constants that can be identified experimentally or calcu

lated theoretically as follows:

•
(3.3)

R
c= CV'p p

hA
a=--

pCpV

•

Note that these formulae can only provide approximate estimates, being based

on a crude heat transfer model. In practice, these constants are preferably identified

experimentally. They provide however very valuable information about their trend,

when the geornetry of the fibers are changed (V and A), aIl other variables being held

constant. Since the rise time of a shape memory alloy is inversely proportional to its

capacitance, it can be implied that the response tirne of a S1tIA actuator system is

proportional to the volume versus surface area ratio of the SïvIA wire, hence directly

related to the wire diameter.

The left side of Figure 3.2 illustrates the time dornain open loop response to a

set of pulse current applied to a lOOIL NiTi shape memory alloy fiber, while the right

side of the figure displays the response in detail over a shorter time interval. The

16
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FIGURE 3.2. Temperature-current Relationship of 8MA

duration of the pulse is 50 ms, with the amplitude varied from 0.6 amp to 1.1 amp.

The thermal constants C and a calculated based on equation (3.3) are 0.66 and 4200.0

respectively. The parameters reflecting various properties of the NiTi shape mernory

alloy fibers being used are listed in A.ppendix A. In Grant's research [6], a variable

structure controller is designed to control the heating of the SNIA. fibers so that the

actuator moves to a desired position quickly and precisely.

3. Phase Transformation

The :NI-phase and P-phase are the two principal phases of the shape memory alloy.

A third phase, known as R-phase has been recently discovered in SMA annealed at low

temperature [23J. The R-phase transformation has a much smaller hysteresis than

that of the Martensitic transformation, but the maximum recoverable strain is only

about 1%. Since the R-phase is negligible for shape memory alloys designed to have

larger dynamic ranges, the modelling of the phase transformation in this thesis handles

17
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3.3 PHASE TR.A-1\lSFüILTvIATION

only the two principal phases of the alloy to simplify the structure. Nevertheless, it

can be easily extended to include the R-phase transformation if necessary.

FIGURE 3.3. Variable Sublayer Model•

Martensite

Strain, E

):

Figure 3.3 describes the basic assumptions of the variable sublayer model of StvIA

first reported by Ikuta [3]. The sublayer model consists of parallel connected sublayers

whose mechanical properties are different from each other. The overall mechanical

characteristic of the alloy is proportionally contributed by each sublayer according to

its phase volume fraction. Let Rm and Hp be the volume fraction of the ivIartensite

and Austenite respectively in a shape memory alloy. The summation of fractions is

always 1 in:

(3.4) Rm+Rp=l

•
A SMA. at equilibrium state could he in 100% M-phase (Hm = 1), 100% P-phase

(Rp = 1), or in a phase where both Martensite and Austenite coexista The phase

transitions of a SMA depend on its temperature and the external load applied to it.

18
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3.3 PHASE TRANSFORi\lIATION

3.1. Rm-Temperature Relationship. A generalized transformation hys-

teresis model is developed by Ikuta [3] to approximate the Rm-Temperature relation

ship of the NiTi shape memory alloy:

(3.5)

Rma and Rmb are constants, km and Tom take different values for the heating and

cooling processes:

• During cooling:

(3.6)

• During heating:

1
Tom = 2(Nls + À/If)

K.
km =---

lvls - NIf

•

•

1
(3.7) Tom = 2(A

s
+ A

f
)

fi,

km = A
f

- As

The constant K. was determined empirically by Ikuta [3] to have a value of 6.2.

Figure 3.4 and 3.5 illustrates the phase transformation hystereses for various Rma
and Rmb' The condition Rma = 1 and Rmb = 0 characterises the major hysteresis loop

in which the switching between heating and cooling processes happens only when the

alloy is under pure Martensite or pure Austenite. The minor hysteresis loops can be

modelled by adjusting Rma and Rmb appropriately. The constant Rma is essentially

a gain factor while Rmb represents an offset. As shown in Figure 3.4, if the sample is

cooled from point 1 at which it is almost entirely Austenite, the Martensite fraction

will increase according to the major hysteresis curve defined by Rma = 1 (following the

arrow along the bottom of the hysteresis). vVhen the wire temperature reaches point

2, 60% of the wire will be Martensite. If the wire is heated from this point instead

of being cooled further towards the complete Martensite, the NIartensite fraction will

19
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then decrease according to the curve defined by Elma = 0.6. Similarly, Figure 3.5

gives an example of switching from major loop to minor loop when the heating of the

alloy is changed to cooling at point 2.

Ikuta's report [3] focused on modelling the major hysteresis loop of the phase

transition, while switching hetween the major and minor loops is not explored. For

the model to he useful in sirnulating control applications, cycling \vithin numerous

minor hysteresis loops may be expected. Ta overcome this limitation, wIadill [21]

extended Ikuta's model to coyer minor hysteresis loops by treating Rrna and Rmb

as piecewise-constant functions of tirne. However, wladill restricted the SM.4.. wire to

start either at the ambient temperature or at a temperature above the Austenite finish

temperature. Moreover, the formulae and condition described hy Madill for adjusting

Rma and Rmb during switching are complicated for computer implementation.

20



3.3 PHASE TRANSFOfu\1.ATION

• M A A
fs

1.-----
1

0.9 1

Q 1
=0.81 R =0.2. R

1 ma mb
0.8

0.7

R =0.4. R =0.6
0.6 ma mb

E 0.5
0::

=0.6. R =0.4
ë R mb.2 0.4 ma
Ü
c:..;:
~ 0.3

'c;;
c

=0.8. R =0.2u Rt: mbc: 0.2 ma::E

0.1

R = 1.0. R =0.0
mb

0 ma
20 30 40 50 60 70 80 90 100

0• Temperature. TC C)

FIGURE 3.5. Martensite Fraction versus Temperature for Various Elma and Rmb

•

A simpler and more efficient way ta accomplish the minor hysteresis loops is

developed by changing Elma and Rmb according to the Martensite fraction (Rm) of

the SMA. wire at the switching point. If the switching direction is from cooling to

heating, the phase transformation model with Rma = Rm and Rmb = 0 represents

the minor hysteresis loop to be switched to. While if the s\vitching is from heating

to cooling, Rma = 1 - Rm and Rrnb = Rm characterises the minor hysteresis loop

to be switched to. In this manner, the SIVIA. wire is no longer restricted to start on

the major curve and the switching computation is easy ta implement. Figure 3.6

illustrates the simulation of a S:NIA wire cycling \vithin minor hysteresis loops with

different starting phases obtained using the switching method described above.
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3.2. Stress Dependence of Phase Transformation. Equation (3.5) is

•
derived under the assumption of zero load. However, the transformation tempera

tures As, A f , Ms and lvIf vary with the applied load [3]. The relation between the

external stress and the transformation temperatures of a shape memory alloy can be
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3.4 STRESS-STRAIN RELATIONSHIPS

approximated by:

(3.8)

where

du 1
-

dTr Cm
or equivalently

u: external stress [MPa]

Tr : transformation temperature [OC]

To: transformation temperature under zero load [OC]

Cm: reciprocal of the stress rate (a constant)

Therefore, the formula on the NIartensite fraction ratio including the effects of both

stress and temperature can be expressed as:

(3.9) Rm.(T, a) = 1+ k (T~ )+RmJ,e rn - Om - CmU

•
where the value of km and Tom should be adapted from equation (3.6) for the cooling

process, or equation (3.7) for the heating process. The quantity (Tom + CmŒ) is known

as the generalized transformation temperature.

4. Stress-Strain Relationships

4.1. Stress-Strain Characteristics of Each Phase. Since the SwIA be-

haves elastically at Austenite as depicted in Figure 3.7 , the stress-strain relationship

of the P-phase is modelled as:

(3.10)

•

where E is the axial strain, up denotes the stress in a SMA wire under complete

Austenite, and Ep indicates the elasticity.

The Martensitic phase exhibits a more complex relationship as shawn in Figure

3.8. With the parameters defined in the figure, this nonlinear behaviour can be
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expressed as:

3.4 STRESS-STRAIN RELATlüNSHIPS

Strain, e

FIGURE 3.7. Stress-Strain Characteristics of Austenite

•
(3.11)

ErnE

ErnErn + Et(E - Ern)

EmErn + Et(EmEtfn - EmE?fn) + Ed(E - Emf.c;,,J

o <E < E~

EY < E < f.dm - m

•

where am is the stress in a SivrA wire composed of Nlartensite alone.

E
b

~ LJ~

(!)

""" E dci5

Strain, E

FIGURE 3.8. Stress-Strain Characteristics of Martensite
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3.4 STRESS-STRAIN RELATIONSHIPS

• 4.2. Overall Stress-Strain Relationship. The overall stress-strain rela-

tionship of the shape mernory alloy is obtained using the variable sublayer assurnption

previously described. Sînce the total stress of a shape memory alloy is contributed by

each sublayer proportionally to its phase fraction in the wire, this can be expressed

as:

where Rp and Rm are fractions of ....!\.ustenite and Martensite respectively. Because the

summation of Rp and Rm is always l, the total stress can also be written as:

Combining equations (3.10), (3.11) and (3.12) yields an expression for the overall

stress-strain relationship:

•

(3.12)

(3.13)

where

a(é, Rm) =

RmEmf. + (1 - Rm)Epf.

RmEmf.Ifn + RmEt(E - EIfn) + (1 - Rm)EpE

RmEmf.Ifn + El + E2 + (1 - Rm)Epf.

a<c < E~

cY < c < f.dm - m

El: RmEt(Emf.c:n - EmEIfn)

E2: RmEd(E - EmEc;,J

Sometimes strain may be the desired output. Equation (3.13) can be re\\Titten to

express strain as a function of stress and the NIartensite fraction:

Ep-(Ep-Ern)Rm a<E < E~

(3.14) CT+R1n(Et-E771)f~ EY < c < Ed
Ep-(Ep-Et)Rm m - rn

CT+R771(Et-EJn)€~+(Ed-Edf~1 Ed < c
Ep-(Ep-Ed)Rrrt m -

•
Figure 3.9 illustrates the strain versus Martensite fraction curves of a shape mem

ory alloy while varying the load by 100 MPa steps from 200 wIPa to 1000 J\iIPa. The
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FIGURE 3.9. Strain versus IvIartensite Fraction for Various Loads

•

values of Em , Et, Ed , Ep , €~ and €~ chosen represent a type of NiTi SNIA wire [21].

Note that the strain versus Nlartensite fraction relationship does not exhibit hystere

sis, 'while the strain versus temperature relationship includes hysteresis due ta the

phase transformation. Figure 3.9 demonstrates the phase dependency of the mechan

ical characteristic of the shape memory alloy. As shown in the figure, when the stress

applied ta the wire is small (less than 200 NIPa), the alloy faUs into the tiny elastic

region where € < €~, hence the strain remains small regardless of the increment of the

Martensite fraction. When the external stress increases such that € > €~, the SNIA.

yields at Martensite, therefore the strain significantly augments as the l\IIartensite

fraction increases in the wire. In practical applications, the strain of the SMA wire

is never allowed ta be greater than €~, otherwise the aUoy will be damaged.
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3.5 EXPERIMENTAL A..l\ffi SINIULATION RESULTS

5. Experimental and Simulation Results

Experiments have been set up to identify the Young's modulus of one sample of

NiTi shape memory alloy in :Nlartensite and Austenite. The stress-strain curves are

obtained when the SwIA fiber is cold, or heated with constant step current input.

Both experimental and simulation results are shown in Figure 3.10. The values of

Ep , Em , and Et identified from experiments are 60000 wIPa, 55784 MPa, and 15600

wIPa respectively. Et corresponds to the slope of the plastic region of the SNIA's

stress-strain curve of Nlartensite. The value of Et of the NiTi shape mernory alloy

being tested is significantly larger than generally thought in theory, therefore the

plastic region of the NIartensite is not as fiat.

Another characteristic typical to this NiTi wire is the spring effect. Ideally, a

SNIA. in Nlartensite should retain most of the deformation when the externalload is

removed. However, it is observed in experiments that the Sl\1A being tested recovers

the deformation significantly even when the external stress is released in NI-phase.

In modelling, this is compensated by adding the spring effect to the plastic region

of the NIartensite. Consequently, when the external load is decreasing towards zero,

the deformation of the alloy recovers a bit according to certain elasticity due to the

spring effect. The spring constant identified from experiments is 37000 NIPa for

Martensite. In Austenite obviously, the spring constant coincides \vith the elasticity

Ep • Therefore, the spring constant k at any phase mÏ..xture can be approximated by:

(3.15)

•

where km denotes the spring constant for Martensite.
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CHAPTER4. lVIODELLING AND COlVIPARlSON OF HIGR STRAIN SHAPE MElvIORY ALLOY ACTUA1

CHAPTER 4

Modelling and Cornparison of High Strain

Shape Melllory Alloy Actuators

A high strain shape memory alloy actuator consisting of a number of thin NiTi fibers

woven in a counter rotating helical pattern around supporting disks was first pro

posed by Grant and Hayward [6]. The structure of the actuator is shown in Figure

4.1. "The disks are separated by preloading springs that keep the fibers under tension

when relaxed. vVhen the fibers are heated, they contract pulling the disks together.

This structure can be viewed as a parallel mechanism used to accomplish highly

efficient transformation between force and displacement. It overcomes the main me

chanical drawback of shape memory alloys, that being of limited strain. NIany of the

conventional shape memory alloy actuators depend on mechanically amplifying the

displacement either through the use of long straight fibers [19, 20, 24], or through

the use of coils [8, 3, 20]. The proposed novel actuator achieves mechanical motion

amplification which is more compact than a long straight length of fiber, and more

efficient than using coils."

A substantial amount of work has been concerned with designing nonlinear con

trollers to perform on-line control ta a pair of antagonist srvrA actuators [16]. In

this thesis, a computer software able to model various characteristics such as ther

mal, mechanical and geometric properties of this type of high strain actuator is first
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4.1 GEO:WIETRIC FACTOR OF THE S:NIA ACTUATOR

presented. This simulator is verified by experiments and further used to compare

the performance of this type of SMA actuator with other actuator techniques given

similar shape and actuation methods.

cell-{IIiiiiiPi"~.~""
.-ll~~~~!lIiiJ"'>Supporting disks

Preloading springs

~oE:::----SMA fibers
1Îllllll1IIiiII.......-

Side View

Top View

FIGURE 4.1. Shape Memory Alloy Actuator

1. Geometrie Factor of the SMA Actuator

The geometric parameters involved in modelling the actuator are defined in Fig

ure 4.2. For a detailed discussion about the weave pattern and construction of the

actuator refer [16]. Let Nn be the number of notches around the disk, N s be the num

ber of disks in the actuator, and La be the actuator length. The following geometric
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4.1 GEOMETRIe FACTOR OF THE SMA. ACTUATOR

relationships among design parameters can be derived;

(4.1)

(4.2)

(4.3)

(4.4)

d = Ln.
lVs -1

L = Dsin(~)

. /L~ + (Ns - I)2D2sin2(~)
l = Vd2 + L2 = ....;.V _

Ns -1

1 d l La
a = tan- - = tan- ------~

L (Ns - l)Dsin(~)

•

L is the projection of the inter-disk fiber length l along the disk. As indicated in

Figure 4.2, primitive d, L, and l form a right triangle in which the weave pitch angle

a is defined.

The force-displacement characteristic of the S1'IA. actuator is linked to the stress

strain relationship of the S1'IA fibers by a geometric factor. The kinematic amplifi

cation can be derived by first considering the simplified case consisting of two beams

and one fiber as shown in the side view in Figure 4.2. As the fiber contracts, the

tension in the fiber can be divided into an axial force Fa and a radial force Fr. Let t

be the tension in the fiber, then

(4.5) Fa = -t . sin(a).

Since the weave pattern of the actuator is always symmetric, aH the radical compo

nents of the tension forces of the fibers cancel, leaving only a cornmon axial stress

force component Factuator- If the number of notches around the disk is l'ln, there are

2Nn fibers in one cell of the actuator. Therefore, the total axial force of the actuator

can be expressed as;

(4.6) Factuator = -2Nn sin(a) . t

•
Clearly, 2Nn sin(a) is the geometric factor which maps the kinematic gain of the SNIA

fibers to that of the actuator.
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The displacement gain, defined as the change in stroke along the separating dis

tance divided by the change in the fiber length is:

(4.7)
~d 1

~l sin(a)

•

Since the displacement gain is inversely proportional to the sine of the weave pitch

angle, the smaller the weave pitch is constructed, the larger is the amplification

of the absolute strain. Furthermore, the instantaneous displacement gain increases

as the disks get doser together during the contraction. Comparing equation (4.7)

with equation (4.5), it can be seen that the gain in stroke is obtained at the cost

of the attenuation of the traction force. Therefore, the S:NIA actuator achieves a

transformation between force and displacement according to the geometric factor

which can be changed. In this manner, the actuator is no longer limited to the

absolute percent strain of the fiber, while the force attenuation can be compensated

for by using several fibers in parallel.

2. Force-Displacement Characteristic

Equation (4.6) \vritten in detail is:

(4.8) Factuator = -2Nn sin(a) . a(E, Rm) . s,

!::ll .6.d· sin(a:) .6.La • sin(a)
E - - - - ~==========

- l - l - JL~ + (Ns -1)2D2sin2(~)

•

where s is the cross section area of the S:NIA. fiber, ~La denotes the stroke, and

a(E, Rm) represents the phase dependent stress-strain function of the shape memory

alloy defined by equation (3.13). Given the model of the S:NIA behaviour, the model

of the actuator can be constructed based on equation (4.8) to predict the force

displacement characteristic, which resembles the shape of the stress-strain curves of

the alloy.
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4.2 FORCE-DISPLACE:MENT CHARi\CTERISTIC

Side View

Force

Top View

d

L
~I

d

•

•

D - disk diameter

L - length of fiber along disk

J3 - offset angle between

succesive disks

1- length of fiber between disks

d - interdisk seperation

ex - weave pitch angel

FIGURE 4.2. Variables Defined
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In case the actuator displacement is the desired output, 6.La can be written as a

function of the actuator force and other parameters:

(4.9)

•

•

t Factuatora - - - ---:--:--
- S - 21Vn sin(a.) . s

where E(a, Rm) is the strain-stress function defined by equation (3.14).

The geometric parameters affect the dynamics of the SNIA actuator in an inter

related fashion. For example, the displacement gain and stroke of the actuator can

be augmented by increasing the disk diameter D~ the trade-off being its size. The

strength of the actuator can be intensified by using more fibers, or by using fibers with

larger diameters. However, the former strategy raises the fiber interference, while the

later one reduces the response time of the actuator. For an engineering application,

an acceptable tradeoff must be chosen within set constraints sa that the technical

requirement is met. Figure 4.3 simulates the force-displacement curves of the Sj\:IA

actuator in Nlartensite with one geometric parameter changing, the other parameters

being held constant.

3. Design of Shape Memory Alloy Actuator

To design an actuator given the desired force, stroke, and dimension, equation

(4.8) has to be solved for the design variables, as a function of given parameters. For

example, the number of notches written as a function of other parameters is:

(4.10)

Of course, the value of Nn obtained from equation (4.10) should be rounded off to an

integer.
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• Varying diameter

4.3 DESIGN OF SHAPE ~1-'10RY ALLOY ACTUATOR
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FIGURE 4.3. Force-displacement Curves With Changing Parameters
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4.3 DESIGN OF SHAPE :MEMORY ALLOY ACTUATOR

Solving other design parameters, such as D, La, or Ns as a function of given

parameters involves higher order polynomial equations of which the closed-form so

lutions can not be obtained. Therefore, numerical methods including Newton and

bisection algorithms for finding the roots of non-linear functions are used to deter

mine these design variables. For example, Figure 4.4 illustrates how to select the

length of the actuator according to different strength specifications given a desired

stroke, diameter, number of notches and disks. In this particular case, under a certain

maximum force, there are two lengths which can be selected for a given required force.

Figure 4.5 describes how to select the number of disks under similar conditions.

~ La =2.5 mm,. Nn =6. Ns =8. D =l5.0 mm. 13 = 90
400 ..------,----r---..------t"'"----y----r----r---;------,

•
350
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.s::
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Uo

100

50

•

O~_ _____I_____l___---L..___.L_____'_____J___'____ _.J

a la 20 30 40 50 60 70 80

force (N)

FIGURE 4.4. Designing the Length of a SMA Actuator

The modelling software can display relationships between any design variables.

Of course, it is only convenient to plot relationship between t'wo and sometimes three

design variables. Due to its generality, the modelling software could be used by

nonlinear search techniques in arder to automate the design process.
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4.4 EXPERllvIENTAL AND SllvIULATION RESULTS

4. Experimental and Simulation Results

The prototype described in [6] implements only one among many possible config

urations of the SivIA actuator's geometry. 100 /-Lm diameter SlVIA libers were chosen

for the actuator prototype which was designed to have a desired stroke of 2.5 mm.

The actuator consists of 8 disks with 6 notches around each disk. The initial spacing

of the disks was set at 2 mm. The actuator constructed is 6 grams in weight and

fits inside a 17 mm diameter cylinder, 30 mm in length. The maximum pulling force

is about 4 N. The simulation of the foree-displacement relationship of this specific

actuator is shown in Figure 4.6. As indicated from the simulation result, the force

generated by the actuator in Austenite while recovering a stroke of 2.5 mm is about

4 N, which is consistent with the experimental result.

The fibers used in the actuator only exhibit one way shape memory effeet. There

fore, two SIvIA actuators are arranged in an antagonistic fashion during experiments

so that individual actuators will be forced to return to their original length when

eooled. The antagonist actuator, being in the cold ivIartensite phase, produces a bias

force whieh is accounted for in the model. The top view of the testbed is shown in

Figure 4.7.

The experimental time domain open loop response to a set of step current input

applied to the actuator was obtained by D. Grant [6] and the results are shown in

Figure 4.8. The left side of Figure 4.8 shows the results of heating one of the actuator

with a 50 ms pulse while varying the current amplitude by .3 A steps from 4.2 A to

7.8 A, and the right side of Figure 4.8 shows the results of heating the actuator with

a constant eurrent amplitude while varying the duration of the pulse between 20 ms

and 65 ms. Note that the cnrrent in an individual fiber is divided by a factor of twelve

since the actuator consists of twelve fibers in parallel. A constant time lag is observed

at the beginning of the response curves, which accounts for the time spent to increase

the temperature of the shape memory alloy to the Austenite starting temperature,

As. The phase transition then begins and the fibers start to contract in an almost

linear fashion.
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The simulated trajectory curves shown in Figure 4.9 are obtained by modelling the

response of the bias actuator under heating conditions described in the experiments.

In order to fit the actuator model, the thermal constants defined by Equation (3.3)

must be determined in order to give the temperature-cuITent prediction of the SNIA

actuator. The thermal dissipation and capacitance extrapolated from the open loop

response (Figure 4.8) are 2120.0 and 2.0 respectively. AlI the fitting parameters are

listed in Appendix A.

In simulation, the bias actuator is pre-stretched by 6 mm as the maximum dy

namic range. Upon heating, the SMA actuator recovers certain percentage of the

stored strain according to the current-force-displacement relationship of the actuator

previouslyestablished. If the fibers were heated to a temperature above the Austenite

finish temperature, AJ, then the deformation will be completely recovered. Never

theless, during experiments, the current is turned off before the temperature of the

SMA fibers reach AI so as to avoid overheating of the actuator. This indicates that

the cooling processes undergo minor hysteresis loops. Therefore 1 , switching from

major hysteresis loop to minor hysteresis loop must be considered when the current

is turned off.

The simulation result gives good matches. It is easily noticed that the small

ripples which are quite apparent on the experimental response are not present in the

modelIed response. This is easily explained by the fact that the load in the model

does not include any inertial term, so second order dynamics are not modelled.

5. Cornparison of High Strain Shape Memory Actuators

Having developed sorne confidence in the model, the performance of the actua

tion mechanism is compared ta other existing technologies. In particular l the force

displacement and speed characteristics of a micro-solenoid electro-rnagnetic actuator
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FIGURE 4.7. Top View of Testbed

CUITent

•

and a muscle-size pneumatic actuator are compared to those of the SMA. actuators

with same dimensions.

5.1. A Micro-gripper Actuator. Ku et al. [25] developed a remotely COIl

trolled microgripper system for microsurgery application. il miniature electromag

netic solenoid actuator was chosen to drive the microgripper. It is an unidirectional

device whose force depends on the position of its plunger. Its force-displacement curve
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FIGURE 4.8. Open Loop Response

indicates that the maximum pulling force of the solenoid actuator at a displacement

of 0.3 mm is less than 1 N.

We designed a SNIA actuator to match the scale of the solenoid actuator used for

the microgripper. The diameter and length of the solenoid actuator are estimated to

be 6 mm and 13 mm respectively. Applying these constraints, two set of configurations

were found. The corresponding force-displacement curves predicted are shawn in

Figure 4.10. In bath cases, 100 J.Lffi diameter SwfA fibers were chosen for the actuator.

The top of Figure 4.10 shows the force-displacement characteristic of an SNIA actuator

,vith 5 disks, 4 notches, and an offset angle of 90 degrees between successive disks.

The pulling force that can be generated by the actuator with a stroke of 0.3 mm is

greater than 5 N when the fibers are heated with the rated current, while the absolute

strain of each fiber is less than 1%. One other configuration of the actuator with same

length and diameter has 3 disks, 5 notches, and the offset angle is set ta 108 degrees.

The strength of the actuator is greater due to more fibers and a smaller displacement
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•

gain. As a result, the fibers operate at an absolute strain of about 1.7% to achieve

the 0.3 mm stroke, yielding a tension greater than 15 N.

The weight of the actuator at sllch scale wOllld be about 2.5 grams. ClearlY7 it

is much more powerful than the solenoid actuator with same size. In ambient air,

the rise time would be about 30 ms. Bathed in a fluid, an order of magnitude of

improvement would be expected.
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5.2. An Artificial Muscle Actuator. The IvlcKibben artificiai muscle pneu

matic actuator reported by Chou et al [26] consists of an internaI bladder surrounded

by a braided mesh shell. When the internaI bladder is pressurized, the actuator

shortens and produces tension if it is coupIed to a mechanical load. The Bridestone

NIcKibben actuator tested in [26] is 147 mm in length and 15 mm in diameter. The

tension indicated from the experimental result at 4 bar pressure and 25 mm displace

ment is about 50 N. The maximum tension reported for this type of actuator is 260

N.

For the sarne length and diarneter specified above, a SMA actuator could have

24 notches (48 fibers in parallel), 35 disks, and an offset angle of 90 degrees. The

simulation of the force-displacement curves of the actuators using 100 pm and 200

pm diameter SMA fibers respectively are shown in Figure 4.11. The displacement

gain is 3.4. The fibers in both actuators operate at 2% absolute strain to have a

25 mm stroke. The maximum tension of the actuator using 100 f..lm and 200 pm

diameter SIvIA fibers are 38 N and 150 N respectively, with rated heating current.

The weight of an actuator is about 16 to 20 grams. Using 200 f..lm diarneter fibers

results in a much stronger actuator, but suffering from an increased response time.

We would expect the rise time of an actuator with the thicker fibers to be 60 ms.

The Bridgestone actuator chosen from [26] for comparison yields the highest tension

and stiffness intensities among aU the pneumatic actuators reported in that paper.

The maximum tensions for the McKibben actuators using nylon shell and fiberglass

shell are 110 N and 56 N respectively. SMA actuators for a same size package would

yield more strength than any of these designs. They also would be much simpler to

manufacture and would not require servo valves. Experiments \Vith smaUer actuators

using 100 f..lm fibers (fiber diameter is the dominating factor) indicate much ,vider

dynamic range and speed ranges.
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5.1 DESIGN OF SlVIA BENDING ACTUATOR

CHAPTER 5

Shape Mernory Alloy Bending Actuator

There is a continuous demand for stronger, better, and smaller actuators possibly

having several degrees of freedom. Actuators with bending feature, for example, can

be used in a myriad of applications. In medical surgery, one of the needs is to insert

a smaIl tool in a narrow path of complicated nature. The smaIler and more flexible

the instrument is, the less pain and damage it will cause to the patient. In addition,

its operation has to be accurate. To meet such challenges, research in the design

of miniature active endoscopes bas attracted much attention [11, 12]. Conventional

endoscopes are mostly stiff in construction, with limited degree of freedom. Significant

improvement will be possible if the stem of the endoscope can be adapted to the

curvature path during the insertion. Shape memory alloy bending actuators provide

a potential solution to similar problems.

1. Design of SMA Bending Actuator

Figure 5.1 illustrates a new concept of designing shape memory alloy bending

actuator. Similar to the SMA. tension actuator described in the previous chapter,

the bending actuator also contains supporting disks with SMA fibers woven around.

However, instead of using preloading springs ta separate the disks, the bending actu

ator uses a hard rubber tube to connect the disks together. The rubber tube is able
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5.1 DESIGN OF SMA BENDING ACTUATOR

to hend when subject to a torque load and returns to its original shape as soon as

the torque is released.

Supporting nxJ

Side View

TopView
E

FIGURE 5.1. Simplified Structure of SMA Bending Actuator

The weave pattern of the S:NIA fibers is designed to ensure mirror symmetry.

Therefore, fibers in the bending actuator always come in pairs. In Figure 5.1, the

weaving of a single SMA "ire is indicated by the arrows drawn along the fiber.

When both fibers contract, the disks would be pulled together as in the tension case.

However, if only one fiber is allowed to contract, the actuator hends as depicted in

Figure 5.2. Clearly, the actuator constructed with one pair of SNIA fibers has only

two degree of freedoms. The direction of bending can be controlled by activating

one of the SNIA fibers selectively. In practice, the actuator can he constructed using

47



•

•

5.1 DESIGN OF S~IA BENnING ACTUATOR

2 pairs of SMA. fibers to achieve 4 degree of freedoms , or 3 pairs of SNIA fibers to

achieve 6 degree of freedoms. Figure 5.3 shows the top view of such design..

FIGURE 5.2. Bending of the Actuator

SMA fibers

2 pairs of SMA fibers 3 pairs of SMA fibers

•
FIGURE 5.3. Top View of SMA Bending Actuator With High Degree of Freedom
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2. Modelling of SMA Bending Actuator

To establish a dynamic model of the shape memory alloy bending actuator, the

torque-angle relationship characterising the bending dynamics should be developed

based on the stress-strain relationship of the SivIA fiber and the geometry of the

actuator. This, however, can't be easily achieved simply by using a geornetric factor,

as in the tension case. A bending actuator is not unidirectional, therefore when it

bends, the active SMA fibers contract, while the inactive ones rnay stretch or remain

undeformed. Depending on where the inactive SwIA fibers locate relative to the active

ones, their dynamic strains can be different from each other. In order to compute the

overall strain energy distribution among the fibers, a general solution is obtained by

tracking the intersections of the fibers and disks as the actuator bends. If the positions

of those intersections (notches) can be determined as a function of the bending angle

and the actuator geometry with respect to a reference coordinate, the absolute strain

in each fiber can be uniquely determined during the bending.

The selection of a coordinate system is shawn in (1) of Figure 5.4. The center

of the bottom disk which is stationary during bending is chosen as the origin of the

coordinate system. The bottom disk is in the X-Z plane, and the normal of the

bottom disk is on the Y axis. A.xes X, Y and Z form a right-hand system. The

bending axis of the actuator may have an angle 'if; from 0 to 360 degrees with respect

to the reference coordinate (X axis), while the bending angle B is defined as the angle

of rotation of the disk normal arollnd the bending axis, cOllnter-clockwise rotation

being positive.

Consider a nominal coordinate and bending axis orientation as shown in (III) of

Figure 5.4. The bending axis coincides ,vith the Z axis such that the track of the disk

centers falls into the X-Y plane. Ta determine the geometric transformation of aIl the

disk points, the position of each disk center after bending should first be determined.

The coordinates of other points on a disk can then be calculated following the rules

of 3D transformation [27]. In (II) of Figure 5.4, let 0 be the center of the fixed
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•
stationary disk and 0 1 be the center of the next successive disk separated with a

distance of d. After bending B degree, 0 1 moved ta the position of 0 1 ' which is on a
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circle of radius R. Let Wl and W2 be defined as in (II) of Figure 5.4, then

(5.1)

(5.2)

(5.3)

() = Wl

R=~
B

d = R . tgW2 = R . Wl

Therefore, the x and y coordinates of the center 0 1 ' are:

(5.4)

(5.5)

x = R - R. cosB = d(l - cas())
B

d· sinB
y = R . sinB = --()-

With the above information available, the transformation matrix: to transform

any points on disk 0 1 due to bending can be formed as follows:

(i) Translate 0 1 ' ta the origin:

• 1 0 0 -x

0 1 0 -y
(5.6) T( -x, -y, 0) =

0 a 1 a
a a 0 1

where x and y are the coordinates of 0 1 ',

(ii) Rotate about the Z axis:

casB -sinB 0 0

sinB casB 0 0
(5.7) Rz(B) =

0 0 1 0

0 0 0 1
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(iii) Translate 0 1 ' back to (x, y, 0):

(5.8) T(x, y, 0) =

1 0 0 x

o 1 0 Y

o 0 1 0

o 0 0 1

The overall transformation matrix is:

(5.9) T = T(x, y, 0) . Rz(B) . T( -x, -Y, 0)

•

•

If the bending aûs is not situated on the Z axis as defined by default shown in

(III) of Figure 5.4, it can be rotated about the Y axis so that it coincides with Z. After

that, the overall transformation matrh: T may be applied to calculate the position of

any point on the disk after the actuator bends by B degrees. A. software package is

developed to take disk centers and notches as input, and return the dynamic strain

of each fiber when the SMA. actuator bends e degree around any arbitrary bending

axis. Sorne simulation results using this software are shown in Figure 5.5.

A. sample of this type of S1tIA bending actuator with 4 degrees of freedom was

fabricated in the laboratory and showed good prospects. The sensor and control

strategy are being investigated. These are left for future work.
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FIGURE 5.5. Graphical Simulation of Bending Actuator
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6.1 CONCLUSIONS

CHAPTER 6

Conclusions

1. Conclusions

A.. software simulator for shape memory alloy actuator systems is constructed

ta predict the physical properties, geometric properties, and material properties of

NiTi shape memory alloy high-strain actuators. Documentation of the software is

included in. AppendLx B. This simulator can be used to predict the temperature

current relationship, phase-temperature relationship, and stress-strain relationship of

a SMA fiber or actuator. It is also used to design geometries of a proposed S1\tIA.

actuator under specifications such as force, stroke, size, and speed.

The Young's modulus of a NiTi shape memory alloy sample used in this research

are identified from experiments for both :NIartensite and Austenite. The simulation

results of the stress-strain relationship of the S:NIA. sample are compared to those of

the experiments and show good matches. The simulator is also applied to a proto

type S:NIA actuator designed by Grant and Hayward. In particular, the simulation

results of the current-force-displacement curves are compared to experimental results.

The dynamics of a pair of antagonist SMA. actuators constructed in the lab are well

predicted, especially for the rising part of step responses.

The performance of snch an actuator is compared with that of a miniature

solenoid actuator and a pneumatic muscle size actuator under similar dimensions.
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The SMA actuator is superior to the solenoid actuator in power, weight and displace

ment range. The comparison of the SMA actuator with the Bridgestone artificial

muscle indicates that shape memory alloy actuators can also be employed in larger

structures.

In the last part of the thesis, a new concept of designing SMA. bending actuator is

presented. The structure of the bending actuator is similar to that of the SNIA tension

actuator. It is also direct drive and may have high degrees of freedom. A software

simulator is developed to model the geometric transformation of the actuator during

bending, and to calculate the absolute strain of each SNIA. fiber woven around the

disks. Graphical display of simulation results is implemented using in-house software

package.

2. Future Work

Much future work can be done to improve the precision of the model of the

SIvIA. properties generated by the software simulator. In this research, the thermal

property (temperature-current relationship) of the shape memory alloy fiber is not

directly calibrated, due to the difficulty of measuring the temperatures of thin SNIA.

fibers. Instead, the dissipation (C) and capacitance (a) that determine the thermal

behaviour are identified from experimental stress-strain-current curves. Theoretical

calculations of C and a are also possible, but suffer from volatile thermal parameters

(heat capacity, resistance of the S1tIA fiber) and the imprecise heat transfer coefficient.

If the temperature-current relationship can be determined experimentally, C and a

could be better estimated and therefore contribute to a more accurate dynamic modeL

Another unreliable parameter used in constructing the stress-strain-current model

of shape memory alloy fiber is the coefficient Cm that accounts for stress-induced

l\IIartensite. Cm is defined in equation (3.8) as âJ:. Again, the inconvenience of

measuring the temperature of a SMA sample hampers from calibrating this parameter

experimentally. The value of Cm used by the simulator is estimated based on available

technical specifications with reference to existing literature [3, 21] .
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In modelling of the prototype high-strain SMA actuator, the effect of pre-Ioading

springs that separate the disks is ignored. This simplification will least affect the

dynarnic properties of the actuator in Austenite since the traction force generated

by the actuator is much larger than the pushing force generated by the springs.

However, as the SM}~. fibers cool to Nlartensite, they are easier ta be deformed,

therefore the effect of the pre-loading springs becomes more evident. For a more

precise dynamic model of the actuator properties, the work done by the springs shauld

aIso be considered when deriving the actuator force-displacement relationship.

Currently~ the simulator is used to analyse and design NiTi shape mernory alloy

actuators, as weIl as comparing the performance of such actuators to other existing

technologies. The application of the simulator can also be extended to controller

design. In Grant's research [16], control of the high-strain Si\tIA actuator was ac

cornplished via a two stage switching feedback law. Since the controller s\vitches

according ta the sign of errors, lirnit cycles always exist as the output of the system.

Ta eliminate limit cycles, the nonlinear controller must be able ta switch before the

output exceeds the set point. One candidate solution is to use a weIl calibrated dy

namic model ta predict the output of the system a few tirne steps in advance. If a

potential overshoot is detected according to the prediction, the control input can be

switched based on this information before an error occurs.

The research ta design, model and control shape memory alloy bending actuator

is just in its infancy and much is left as future work. The software simulator presented

in the previous chapter is capable of computing the absolute strain of each Sj\tfA fiber

in the actuator given the bending axis and angle. Further work needs to be done to

establish the torque-angle relationship of the bending actuator and also to design an

appropriate controller.
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APPENDIX A

Properties of NiTi

The physical property parameters of the NiTi \vires used in this research have two

sources: the technical specification provided by the manufacturer [28], and the ex

perimental estimation. In the following breakdown, those parameters that are not

taken from [28] are marked with '*' .

• Diameter of the NiTi fiber - 0.1 J.Lm

• Density - 6500 [kg/m3
]

• Specifie heat - 553 [3/kg OC]

• Electricallinear resistivity - 118 rn/ml

• *Heat transfer coefficient - 59 [VV1m2 OC]

e Transformation temperatures:

- /vIs = 72.0 [OC]

- Mf = 62.0 [OC]

- As = 87.5 [OC]

- AI = 97.5 [OC]
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• Stress-strain parameters:

- Ep = 60000.0

- Et = 15600.0

- Em = 55784.0

- *Ed = 16800.0

- f~ = 0.001829

- *f~ = 0.0596

• *Coefficient of stress induced Martensite (Cm): 0.01 - 0.1

• Weight of supporting disks:

- Plastic: white - 0.25 [g], black - 0.3 [g]

- Alumni: white - 0.63 [g], black - 0.37 [g]

- Brass: 1.96 [g]

• *Thermal parameters: dissipation - 2120.0, capacitance - 2.0
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B.l SMA FIDER

APPENDIX B

Design Description of the Software

Silllulator

The software simulator introduced in this thesis was developed using C++ in order to

take the advantage of the abject Orientated (00) programming concept. NIodelling

of shape memory alloy actuators is especially suitable for 00 programming because a

NiTi fiber can be considered an object Ca class) with many properties (class functions),

while an actuator made of SNIA fibers form another object which can be constructed

by integrating the actuator geometry with the fiber properties. The Inheritance fea

ture of C++ provided a convenient way to implement the above feature and generate

more reusable codes. The whole program consists of three modules: SMA fiber l SJ\iIA

tension actuator, and S:NIA bending actuator.

1. SMA Fiber

This module contains three sections:

• fiber.h This is the definition section which contains declaration of all the vari

ables and classes.

• fiber.C This section is the entry of the module (main()). Class parameters

must be initialized here before the class can he used ta predict properties of a

specifie S:NIA fiber.
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• fibeLfun.C This is the implementation section which implements the proce

dures and class functions defined in fiber.h.

There are four major classes in this module: sma_TP, sma-SS, sma_CP, and

sma-lV1P. They are built to prediet different aspects of the shape memory alloy prop

erties.

(i) Sl\1A Thermal Property Class - sma_TP

This class is designed to model the temperature-eurrent relationship (T_current)

and the phase-temperature relationship (Rm.I'_sigma or Rm.I'_epsilon) of

SMA. fibers as diseussed in Chapter 3. The data of the class are parameters

of a SNIA fiber that have ta be specified by a user. i\ppendix A gives a set of

parameter values that have been used for this thesis. The class variables are

initialized in the mainO procedure following the declaration of an instance of

the class. Funetion Rm..T_sigma and Rm..T_epsilon are quite straight fonvard

to use. They have ta take stress (sigma) or strain (epsilon) in the input due

to the faet of the Stress Induced Martensite. An overview of the structure of

this class is given in figure B.1.

(ii) SMA Stress-Strain Property class - sma-SS

This class is a child of the class sma_TP therefore it inherits aIl the private

data and public functions of the SNIA. thermal property class (sma_TP). In

addition, it adds several more functions to model the stress-strain relationship

of a given S:NIA fiber. The stress-strain funetions can be based on the Nlarten

site fraction (Strain-stress-Rm, Stress-strain-Rm) , or based on the tem

perature (Strain_stress..T, Stress-strain..T). Function Plastic_strain_stress

(or Plastic_stress_strain) characterized the spring effect existing in cornmon

shape memory alloys. For a IvIartensite SNIA. fiber, ideally it should retain the

deformation after the external stress is released. In reality, it actually recovers

certain percentage of that deformation after the stress is gone. This behaviour

is considered as the spring effect. Function Plastic_strain_stress returns the
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B.l SMA FmER

Oass sma_TP (Thennal Propenies of the shape memory aIloy fiber):

Private Data:

Ms - Martensite starting temperature

Mf - Martensite finishing temperature

As - Austenite starting temperature

Af· Austenite finishing temperature

Rma. Rmb. TOm_c, k_mc, TOm_h. k_mh - constants that detennine the phase transformation model

cl, c2, a - constants that detennine the Temperature-current curve

Tinf - the ambient temperature

Public Member Functions:

geuc

secTP

switching

T_current - lrapzd

FIGURE B.l. Thermal Property Class - sma_TP

actual straili of a Nlartensite fiber after the external stress is released. The

input variables sO and eO of this function are the stress and strain values of

the fiber at the time the stress dropped to O. Figure B.2 provides the structure

of the class as weIl as the calling tress of the public member functions.

(iii) SMA Geometrie Property class - sma_GP

This class is a also a child of the class sma_TP. The objective of sma_CP is
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Class sma_SS (Stress-Straïn relationship of the sma fiber)

Private Data:

aIl the private data of sma_TP

Public Member Functions

aIl the public functions of sma_TP

•
_1

L

•

FIGURE B.2. Stress-Strain Property class - sma-SS

to determine the relationship between the length and cross-section of a SwIA

fiber when other parameters are given as specifications. Figure B.3 illustrates

the structure of the class.

(iv) SMA Material Property class - smaJvIP

The material property here refers ta the Young's modulus parameters of a

SMA fiber. When the geometry, force and displacement specification of the
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B.2 SMA TENSION ACTUATOR

Class sma_GP (Geometrie Properties of SMA fiber)

Private Data

all the private data ofcIass sma_TP

F- force generated by the fiber

dl - stroke of the fiber

Publie Member Functions

secGP

Rm_T_epsilon

crosecùonJength<
range

/ Rm_T_sigma
lengtLcrosection~

range

FIGURE B.3. Geometrie Property Class - sma_GP

fiber is given, the relationship of the Young7s parameters is fixed. This class is

built to reflect the characteristics of those parameters under such a condition.

2. SMA Tension Actuator

This module contains three sections:

• actuator.h - The definition section.
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B.2 SMA TENSION ACTUATOR

• actuator.C - The main and entry procedure.

• actuatorJun.C - The implementation section.

There are three classes defined in this module: actuator_base, actuator-FS, and

actuator_GP. They can be used to predict the force-displacement relationship and the

geometric relationship of the high strain shape memory alloy actuator introduced in

Chapter 4.

(i) Shape Memory Alloy Actuator Base Class - actuator_base

This is a child class of sma-SS of the SMA. fiber module. Clearly, it inherits aH

the functionalities for predicting SMA. fiber properties. Furthermore, it calcu

lates the geometric factor that maps the stress-strain relationship of the SNLA..

fibers to the force-displacement relationship of the actuator, through the class

function geoJactorO. The five in-Line functions in this class are for changing

the geometry, fore example, diameter, length, etc of the actuator. When these

factors change, the geometric factor changes tao. Function AlphaO returns

the weave pitch angle, while function Pattn-fibJengthO calculates the fiber

length between two successive notches. Figure BA illustrates the structure of

this class.

(ii) SMA Actuator Force Stroke Relationship Class - actuatorYS

This class is a child of the class actuator_base. It predicts the force-stroke

relationship of a given S1tIA actuator through class functions Force~troke and

StrokeJorce. Function RrrLTJorce describes the phase-temperature relation

ship of the actuator, with consideration of the Stress Induced Martensite. Func

tion Plastic~trokeJorce is similar ta functions Plastic..stress..strain and Plas

tic..strain~tress of the module SMA fiber. It models the spring effect of the

actuator caused by SMA fibers. Function StrainJecover calculates the strain

of the actuator that will be recovered upon heating, given a pre-stretch value
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B.2 SlYIA TENSION ACTUATOR

Class actuatocbase (base for constructing the actuator model )

Private Data

all the private data ofclass sma_SS

Protected Data

D- actuator Diameter

heta - the offset angle of the actuator

la - actuator length

Nn - number of notches

Ns - number of stades

Public Member Functions

.AJpha

Pattn_fibJength

geo_factor - Alpha

changeJength

change_Diameter

•

FIGURE BA. Actuator Base Class - actuator-base

and the external force applied ta the actuator. Function actuator-FS simply

initializes the actuator parameters with given values. Figure B.5 depicts the

structure of this class.

(iii) SMA Actuator Geometrie Property Class - actuator_GP

This class is also a child of the class actuator_base. It can be used to de

sign actuator geometries while the force, stroke and the other parameters are
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B.2 SMA TENSION ACTUATOR

aetuator_FS (Foree-Stroke relationship or the aetuator )

Data

all the private and proteeted data of aetuator_base

Publie Member Funetions

fune~ Rm_T_sigma

range

./' Alpha

Stroke_foree?-- Pattn_fib_length

~ geo_faetor -- Alpha

Strain_stress_T '" Rm_T _sigma ---- TOm_km

Strain_stress_Rrn -- range

FIGURE B.5. Actuator Force-Stroke Property Class - actuator-FS

specified by users. Function Notch..force...stroke and Stack..force...stroke deter

mine the number of notches and stacks (disks) ta be used in an actuator so

as to achieve the force and stroke specified under certain constrains. Function
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B.2 SMA TENSION ACTUATOR

actuatorJ.ength and actuator.Diameter design the length and diameter of an

actuator under similar conditions. Initialization of the private data of the class

is done through function actuator_GP. Figure B.6 shows the structure of this

class.

aetuator_GP (Geometrie Properties of the aetuator)

Data

all the private and proteeted data of aetuator_base

Private Member Functions

Epsilon_Range

---------== ehange_Iength

fune Alpha

---- Stress_strain_T

• rtbis----

golden

fune

fune

•

Publie Member Funetions

aetuator_GP
Alpha

Notch_force_stroke <:: Pattn_fih_Iength

Stress_strain_T

_____ Epsilon_Range
Staek_foree_stroke

--- Qsolve

_---- golden
aetuator_length ____

--, rtbis

aetuator Diameter Epsilon_Range

- ----- Qsolve

FIGURE B.6. Aetuator Geometrie Property Class - aetuator_GP
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B.3 SMA BENDING ACTUATOR

3. SMA Bending Actuator

This module contains three sections:

• bend.h - The definition section.

• bend.C - The main and entry procedure.

• bendJ"un.C - The implementation section.

The two major classes in this module are bend_geometry and List. The data of the

class bend_geometry are Edges og (original) and td (transformed). The class functions

perform the required geometric transformation according to the given bending angle

and bending axis, and keep the result in Edge td. Class list describes a link list abject

whose class functions can add new elements to the beginning or end of the link List.

The list class records the length of the Link list, the head and tail address of the list

into its private data and keep them updated. The structure of the two classes are

illustrated in Figure B.7 and Figure B.8.
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SMA Bending Actuator Geometrie Transfonnation

Data

og - the original edge

Private Member Functions

CreateDoubleMatrix

td - edge after bending transfonnation

CreateldentMatrix

Public Member Functions

------ CreateDoubleMatrix

CreateTransMatrix --- CreateldentMatrix ---- CreateDoubleMatrix

•

•

CreateRotaMatrix --- CreateldentMatrix --- CreateDoubleMatrix

MatrixMultMatrix

MatrixMultPoint

./ CreateRotaMatrix

~ MatrixMultPoint
Point transd~

~ CreateTransMatrix

MatrixMultMatrix

Edge_transd -- PoinCtransd

~
Center transd

CreateRotaMatrix

MatrixMultPoint

ExtractEulerRotationMatrix

FIGURE B.7. SMA Bending Aetuator Geometrie Transformation Class
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B.3 SMA BENDING ACTUATOR

The Link: List Class

•

oode 1

info is of type bend~eometry

Data

length - the lcngth of the Iink Iist

first - the address of the first node of the link list

last - the address of the last node of the link list

Public Member Functions

list

inst_node

InsertAtBegin - inst_node

AppendToEnd -- inst_node

PrintList

geUength

get_ficstnode

geUastnode

node2 node n

•

FIGURE B.8. The Link List Class
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