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ABSTRACT

Abstract

A novel Shape Memory Alloy (SMA) actuator is presented. The SMA actuator consists of
twelve thin Ni'Ti fibers woven in a counter rotating helical pattern around supporting disks.
Fibers woven in Lhis pattern accomplish a high cfficiency transformation between force and
displacement. In this manner, the actuator overcomes the two main mechanical drawbacks
ol shape memory alloys, that being limited strain and limited eycle lifetime. Experimental
results with Lwo actuators operatling in an antagonistic manner demonstrate the feasibility
of the actuators for use in miniature robotic systems.

Further, a camera platform was constructed as an application for the actuators. The
camera platform prototype orients a small CCD camera head, that supplies data to a
foveated vision system. The three degrees of freedom pan, tilt, and torsion, are realized
by four actuators in an antagonistic fashion. The camera support was manufactured using
light weight plastic, including the use of plastic hinges to reduce the use of weighty bearings.

Control of the actuators is accomplished via a two stage switching feedback law that
s its basis in sliding mode control theory. Essentially, the controller switches according

Lo the sign of the error choosing which actuator is agonist and which is the antagonist.

—
—



RESUME

Résumeé

On présente un nouveau type d’actionnenr utilisant les matériaux & effet de mémoire.
L’actionneur cst constitué de douze fibres tissées autour de disques de support selon un
motif & double hélice, & pas inversés. Cet arrangement réalise de fagon ellicace une trans-
formation force-déplacement. On peut dés alors contrer deux des inconvénients principaux
d’origine mécanique de ces matériaux qui proviennent de la limite en déformation et du
nombre de cycles. Les résultats expérimentaux produits avec deux actionneurs en conlig-
uration antagoniste démontre la faisabilité de systémes robotiques miniatures utilisant ces
actionneurs.

Ensuite, on applique ces actionneurs i la construction d’une plateforme orientable qui
supporte une caméra CCD miniature pour former la partie mécanique d’un systeme de
vision fovéal. Les déplacements d’élévation, d’azimut et de torsion, sont praduits par qua-
tre actionneurs en configuration antagoniste. La structure est construite d’un matérian
polymérique léger incluant des charnieres flexibles pour limiter le nombre de roulements.

La commande des actionneurs, du type commuté & deux étages, est basée sur la théoric
de la commande en mode glissant. Le signal de commande est commuté selon le signe de

I’erreur et sélectionne a tout moment Pactionneur agoniste et Mantagoniste.

-
-
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Claim of Originality

The author ol this thesis claims the following original contributions:

o the design of the shape memory alloy actuator prototype.
o the application of a variable structure controller to the SMA actnator and

o the design of the camera platform and components.



CHAPTER L INTRODUCTION

CHAPTER 1

Introduction

1. Overview

The focus of this thesis is the design, development and control of a novel light weight
actuator utilizing thin fibers of the Shape Memory Alloy (SMA) nickel titanium. ‘T'he
applications of a powerful and compact light weight lincar actuator are nutmerous, ranging
from their use in toys to artificial organs., Qur particular motivation for the actuators
is in the design of a light weight, rapid camera platform as will be discussed in chapter
one. Chapter two provides some necessary background information detailing the principles
behind the Shape Memory Effect as well as a brief literature review on shape inemory alloy
actuators. The design of the actuator prototype and its various permutations are discussed
in chapter three. The use of shape memory alloys dictates a non-linear contral plant and
hence the actuator proposed is inherently non-linear. A variable structure controller is
applied to the actuator in Chapter four to handle these non-finearities. Chapler live details
the construction of the camera platform, with the results further discussed in the conclusions

in chapter six.

2. Motivation

As computational bottlenecks in image processing are overcome, the need for more
active vision systems increases. Passive vision sysiems provide only one view of the world
and therefore limit the amount of scene data available. An active vision system however
is able to explore the visual environment, choosing areas of specific, task related, interest.
This has a number of advantages, including: image stabilization, extension of the field of
vision and a reduction in computational complexity [30]. Active vision systems are also

required to take advantage of the benefits provided by foveated vision systems.
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An integral part. of any active vision system is the camera platform. In order Lo achieve
the promising specifications that active vision systems can provide, compact, light weight
camera platforms are needed. Such platforms are able to achieve high pan and tilt rates, as
well as facilitale easy integration with other robotic systems, For example, such a camera
platform could be mounted on the end of a robotic arm and positioned in space at a low
energy cosl. With this in mind, let us review the current ‘state of the art’ of camera

platforms,

2.1. Current State of the Art. ‘T'here cxists to date a number of actuated slereo
cantera systems for research in vision. One of the earliest was built by R. Bajesy at the
University of Penusylvania [2]. More recently, there has been designs constructed by the
following institutions: the Royal Institute of Technology, Sweden [28], MIT [10], the Uni-
versity of lllinois [1], Harvard [7], the University of Rochester [4], the National Institute of
Standards and Technology [34], and the University Toronto [21]. Similarly, single orienting
platforms are being investigated at New York University [5)], and Laval University [13]. It
must be recognized that most of these earlier designs were developed for the purpose of
exploratory research, so that in general, a particular emphasis on mechanical performance
wis of secondary importance.

A common characteristic to all these designs, except the NYU design, is that they
implement off-the-shelf actuators (direct drive DC or stepper notors) and motion sensor
components (encoders, potentiometers) fitted to custom design kinematic structures. Be-
cause typically, electric actuators have a comparatively small torque-to-weight ratio [3],
these designs require torque amplification transmissions, via the use of gears, timing belts,
or miniature harmonic drives with the resulting complexity and associated problems such
as friction, wear and backlash.

The designs cited above, with the exception of the prototypes of Laval University, and
of New York University, all fall in the category of gimbal arrangements with each stage of
the gimbal being actuated separately. This approach results in cumbersome devices which
all share the problems of serial manipulator designs, specifically: (a) geometrical growth
of the actuator size and weight as we move from the distal to the proximal joints; (b)
accumulation of errors in sensing and control; (¢) non-uniform kinematic conditioning (this
conveys actuator force mapping propertics and sensing error amplification), which can only
be made optimal in a narrow region at the center of the workspace; (d) poor dynamic
performance due to rapid change of the inertial properties within the reachable workspace

and (e) structural problems due to the need to support heavy actuators and to move them
3
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rapidly. These problems are compounded with the problem of the weak torques availuble
from electric motors. This is typified by the need to a use huge robot (Puma 760 at the
University of Rochester) Lo position two miniature cameras.

Three devices are discussed somewhat further for purposes ol comparison with our
approach. The NIST design is interesting since by taking many short-cuts, it is capable
ol achieving impressive results in terms of agility and overall performance, and provides a
rudimentary form of foveated vision. However, this is achicved at the price of monocular
vision for a large field of view and absence ol torsional motion. Actuation is performed with
four costly direct drive electrical actuators which account for much of tie performance, and
the resulting device is a bulky machine weighting about (8 Kg.

The two other original designs, onc [rom Laval and one from NYU are currently sin-
gle platform systems. The Laval design also relies on conventional electric actuation, but
the three actuators are grounded and the motion is transmitied by linkages arranged in a
spherical configuration. This results in a cather bulky and heavy device which is delicate to
manufacture owing to the exacting precision required by a vastly over-constrained mecha-
nism. It is hard to imagine how such a device could be integrated into a compact head (two
eyes with neck mobility) without a breakthrough in electric actuation which is unlikely to
occur given the absolute limit set by field density in magnetic circuits. ‘The NYU design is
significantly more compact and relies on a moving magnet free to orient itself in a magnetic
field induced by two pairs of Helmholtz coils. The current prototype sulfers from wnder ac-
tuation which makes stabilization and rapid trajectory tracking diflicult, Similarly, absolute
limits set by the physics of magnetic circuits precludes any drastic progress. Morcover, by
design it has only two controlled degrees of freedom which makes it impractical to consider

the control of torsion motion.

2.2. A Different Approach. In order to realize a compact, light weight camera
platform it would be ideal to have a powerful, compact, and lightweight actnator. Con-
ventional techniques such as electric, hydraulic, and pneumatic actuators, suffer from a
drastic reduction of the amount of power they can deliver as they scale down in size and
weight [18]. To overcome this limitation, different actuator technologies have been inves-
tigated, in particular shape memory alloys. Shape memory alloys have a high strength 1o
weight ratio which makes them ideal for miniature applications. A fiber of shape memory
alloy can achieve a pulling force of 200 MPa. Comparing this to an electro-magnetic actua-

tor, which can only achieve .002 MPa, this represents a 10® increase in strength per unit of
1
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. cross sectional area. Before considering an actuator constructed from shape memory alloys

it is instroctive 1o further examine some of the properties of this unique class of alloy.



CHAPTER 2. BACKGROQUND

CHAPTER 2

Background

1. Shape Memory Alloys

1.1. The Shape Memory Effect. Shape memory alloys achicve their actuation
through the phenomenon of the ‘Shape Memory Effect’. The Ni'l' alloy has two temperature
dependent phases, or solid structural states. Essentially a liber ol Ni'Tt can be pretreated to
‘remember’ a specific shape. In the low temperature phase, the Martensite phase, the alloy
is quite malleable and can easily be deformed by external stresses. Upon heating, the alloy
undergoes a phase transformation into the Austenite phase, regaining its original pretrained
shape. Thus actuation occurs through an internal solid state restructuring of the material
that is smooth, silent and powerful. Figure 2.1 shows how actuation is conventionally
achieved with such a NiTi fiber. The fiber can be thought of as being trained to remember

a specific fengti.

1.2. Phases of NiTi. There are actually three different phases off NIl alloys, the
Martensite , the Austenite and the R-Phase. The effects of the R-phase will not be cou-
sidered to simplify subsequent analysis. A useful analogy to the two remaining phases ol
NiTi is given in Figure 2.2 where the atomic lattice of the NiTi is represented by match-
boxes [32]. The Austenite phase has a cubic atomic structure and is represented by squares,
The Martensite phase has a more rhombic structure and is represented by collapsed mateh-
boxes or parallelograms. In actuality, the alloy changes phase in 3 dimensions with greater

complexity, however the matchbox model gives a rough approximation of what is ocenrring,

1.3. Phase Transition Temperatures. 'The phase transitions of the alloy are char-
acterized by four transition temperatures. They are:
(i) As, the Austenite starting temperature,
(ii) Ay the Austenite finishing temperature,
(ili) M;, the Martensite staring temperature,

(iv}) M, the Martensite finishing temperature.
6
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Mantensite Phase Austenite Phase

" NiTi fiber

1 ad

Weight

" NiTifiber %

T ad

H\\Spring
e g
__— Nii fiber
o 1 ad T
T NiTi fiber
.  a

FGgure 2.1. SMA actuator configurations a) gravity as a bias force; b) spring as a
bias force and c) antagonistic fiber pair

Starting from a cool alloy (temperature/ < A,) most of the atomic lattice is in the
Martensite phase. As the temperature is increased beyond Ay, Austenite layers begin to
form. When the temperature exceeds A; the atomic lattice is mostly in the Austenite phase.
Similarly, as the alloy cools, Martensite layers begin to form when the temperature reaches
M,, and the atomic lattice is mostly in the Martensite phase when the temperature is below

M. Typically, hysteresis exists in the transition temperatures as shown in Figure 2.3.

1.4. Phase Transformation Austenite to Martensite. Using the inatch box
example of Figure 2.2, we can sce that as the Austenite cools, Martensite forms. Since the
fibers used only exhibit the one way shape memory effect, there is no change in fiber length
from this transformation. Instead the matchboxes collapse, leaning in opposite directions

along subsequent layers. NiTi alloy in this form is said to be ‘twinned’ with each layer
7
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Figurg 2.3. Transition temperatures
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Martensite Stress-Strain

stress 4
o]

strain €

Ficure 2.4. Stress curve for Martensite

separated by a ‘twinning boundary’. The chemical energy is quite low along the twinning
boundary, explaining why the alloy is quite malleable in this state.

Applying exiernal stress to the Martensite will result in the stress-strain curve of Fig-
ure 2.4, The fiber initially behaves elastically with an associated elastic modulus as seen in
stage one. Further external stress on the fiber will cause the Martensite layers to begin to
lean in the same direction. When all the layers are leaning the same way the alloy is said to
be ‘detwinned’. This allows a large strain in the material with a small increase in external
stress as seen in stage two. When the material is fully detwinned, the alloy again behaves
clastically up to the point where the external stress begins to break the atomic bonds be-
tween Martensitic layers, and permanently deforms the alloy as seen in stages three and
four.

1.5. Phase Transformation Martensite to Austenite. To recover the original
shape of the NiTi alloy, it is necessary to add energy in the form of heat. The layers of
NiTi crystals will line up into their pretrained form as the temperature exceeds A,. In
the Austenite phase, the alloy is rigid and can be likened to piano wire or hardened steel.
Figure 2.5 shows the stress-strain curve of the alloy in the Austenite phase. The alloy

behaves elastically for low stress (stage one) and is permanently deformed at higher levels
of stress.
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Austenite Stress-Strain

12

stress
4] |

strain €
Figunre 2.5. Stress curve for Austenite

Care must be taken to not exceed the deformation stress when the alloy is in Lhe
Austenite phase. External stress on the material also causes the lfour phase transition
lemperatures <o increase. In this way it is possible Lo form stress-induced Martensite. 1f
the alloy is in the Austenite phase and an external stress is applied that increases the
Martensite starting temperature, My, above the current temperature, then Martensite will
form. Since the alloy is now in the Marteusite form it is malleable for a large percemt
strain. If the stress is then removed the transition temperature again decreases and the
material reverts back into the Austenite phase. This has been termed ‘superelasticity’ in

the literature.

2. Limitations of Shape Memory alloys

Although shape memory alloys appear to be attractive for robotic applications, they
also come with some limitations. First of all, since their operating principle is based on a
phase transition in a metal, they are highly non-lincar. Properties such as the stress-strain
relationship, internal resistance, latent heat of transformation, and thermal conductivity, are
all phase dependent. A significant hysteresis is also present in the stress-strain relationship
of the alloy as can be seen in Figure 2.6.

The sccond major limitation of shape memory alloys is efficiency. As mentioned in (18],

the energy efficiency of shape memory alloy is theoretically restricted to approximately 10
; 10
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Figure 2.6. Hysteresis in the strain-temperature relationship

% by the Carnot efficiency cycle. Efficiency is often less than 1 % in practical applications,
as the driving principle of the actuator can be considered as a heat engine operating at low
temperatures. The applications of shape memory alloy actuators must be directed at areas
where energy efficiency is not a concern.

Shape memory alloy’s also have two major inherent mechanical limitations from the
view point of actuation that are inter-related, those being limited percent strain and limited
cycle lifetime. The absolute percent strain of shape memory alloys is approximately 8 %,
with practical applications restricted to around 5 %. The lifetime of the alloy has also
been found to dramatically increase if the fiber is operated::ajt lower than absolute percent

strain [18]. A cycle lifetime of 10° is reported in [17] at a strain of 5 %.
11
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3. History of Shape Memory Alloys

The shape memory cllfect in alloys was first discovered by the Swedish phvsicist Aene
Olander in 1932 using an alloy of gold and cadmium. Then in 1951 Chang and Reid used
the gold and cadmium alloy in a evelic weight lifling device at the Brussels World's [air
that first demonstrated the feasibility ol these alloys to perform uselul work, Interest was
sparked by their invention and soon many more allays were discovered that exhibit the
shape memory elfect (SME). 1o 1961 at the U8 Naval Ordinance Laboratory, LW Buehlar
discovered the SME in a Ni'li alloy of 50/50 per cent. composition, This gave the research
interest a great boost as the new Ni'Ti alloy, termed Nitinol, was both non-toxic and had
a much lower manufacturing cost. By 1966 the study of Nitinol's chemical properties and
crystal structure commenced in Japan resulting in the discovery of numerous more alloys
that exhibit the shape memory ellect as well as improvements in the manulacturing process
of the NiTi alloy.

The carly 1970’s saw the emergence ol several commercially available products that
implemented shape memory alloys. Most of these applications were simple parts using a
one time shape memory change such as pipe joints, stopping pins and clamps. A notable
product at this time was the experimental artificial heart of Sawyer in 1971, The pump was
clectrically activaled using pulses of current to heat the NiTi.

By the late seventies the Delta Metal company in England purposed several devices that,
operated more like mechanical actuators. They proposed devices to atomatically open and
close greenhouse windows, control waler pipe valves for the hot water heating ol huildings,
and automobile fan clutches. Japan also had several commercial products available, notably
the Matsushita Electric company’s SMA controlled lonvers in air conditioners in 1983 and
Sharp’s SMA controlled dampers in clectric ovens, Additionally Nitinol alloys have found

uses in such diverse products as dental alignment reformers, eyeglasses and brassiere frames.

3.1. Electric powered Actuators. [n 1983, Honma, Miwa and Iguchi [18] demon-
strated that movement in the shape recovery process of NiTi is controllable by clectric
heating and hence effective in the implementation in micro-robotics. Two actuator config-
urations were proposed. The first, a rotary joint, was used in their ‘skeleton-muscle type’
robot. The robot was a 5 dof arm consisting of an aluminum pipe skeleton operited with
thin fibers (0.2 mm) and bias springs. The second actnator, used in their ‘soft body Lype’
arm, consisting of a thin NiTi fiber encased in a silicone rubber coat that acted as a biasing
spring (sec Figure 2.7).

12
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stlicone rubber
body
QQ
SMA fiber

relaxed contracted
Figure 2.7. Mollusk type - 2 dof gripper

Hashimoto, Takeda, Sagawa, and Chiba [14] in 1985 extended this work and proposed
two rotary joints, one operating with a bias spring and the other with two antagonistic
shape memory alloy fibers. They applied the bias type actuator to a 6 dof biped robot
and implemented heat sinks to improve the response time of the cooling cycle. They also
validated the operation of the antagonistic actuator in the dynamic control of an inverted
pendulum. Kuribayashi also proposed an antagonistic pair of fibers for the operation of a
rotary joint in 1986 [22]. By implementing position and force controilers, he was able to
validate a linear mathematical model for infinitismal strains.

J.W. Walker proposed a rotary actuator based on torsionally strained SMA in 1987 [33].
Using the alloy to mechanically bias itself had the resulting advantage of climinating the
weight and bulk of a biasing spring. Micro-tongs were made (5mm x 1Imm) to demonstrate
the feasibility of his actuator configuration,

Several researchers have implemented shape memory technology for use in articulated
hands. Notably Hatachi’s (1984) four fingered robotic hand that incorporated twelve groups
of 0.2 mm that closed the hand when powered. In 1987 Dario, Bergamasco, Bernardi and
Bicchi [8] proposed an articulated finger unit using antagonistic coils and a heat pump.

Further miniaturized rotary joints were proposed by Kuribayashi using various shape
memory alloy configurations as show in Figure 2.8. The configuration in Figure 2.8 part(f)
was used to implement a mm size rotary joint that is driven by small bending beams of

NiTi. This joint was also implemented in an articulated finger joint [23].

13
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a) Coil 1ype b) Sinuseidal ¢) Spiral type
wave type

d) Rectangular ¢) Bending beam ) Bending beam
wave type type(l) type(Il)

Ficuri 2.8. Rotary joints



CHAPTER 3. SHAPE MEMORY ALLOY ACTUATOR

CHAPTER 3

Shape Memory Alloy Actuator

The limitations of shape memory alloys can be overcome by cither compensation via feed-
back or leed-forward controllers, or through better mechanical design. The non-linear prop-
ertics of shape memory alloys are handled in this thesis by a variable structure controller
that will be discussed in Chapter four, Efficiency is also not a major problem since our
application involves using the actuators to drive a small light weight camera, essentially a
miniature application. The remaining mechanical limitations must be overcome through
dosign.

Many of the designs of actuators using shape memory alloys depend on mechanically
amplifying the displacement either through the use of long straight fibers [14], [22], [29]
or through the use of coils [17), [18], {22]. The actuator proposed in the next section
overcomntes the mechanical limitations of shape memory alloys, is more compact than a long

straight length of fiber, and more efficient than using coils.

1. Shape Memory Alloy Actuator

The actuator, shown in Figure 3.1, consists of twelve thin NiTi fibers woven in a counter
rotating helical pattern around supporting disks. The disks are separated by preloading
springs that keep the fibers under tension when relaxed. When the fibers are heated, they
contract pulling the disks together.

The weave pattern of the fibers accomplishes a high efficiency displacement amplifi-
cation. Iissentially the abundant force of the alloy is being traded off for a displacement
gain. This transformation between force and displacement is highly efficient since the only
loss in work is due to the slight bending of the fibers. Unlike shape memory alloy coils,
the entire cross scction of the fiber is perforining work in the contraction. Coils suffer from
the debilitating drawback of requiring a larger diameter than necessary. This is especially
negative, when considering the response, since the response time is directly related to fiber
diameter. A great deal of the material is wasted since, during the shape memory effect, only

the skin of the coil is actually contracting at the maximum amount. The internal diameter
15
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LoSHAPE MEMORY ALLOY ACTUATOR

=== 7 Supporting Disks

Prefoading Springs

( = . SMA fibers

End Disk

Figure 3.1. Shape memory alloy actuator

of the coil is acling both as a heat sink and as a producer of an opposing force to the desived

motion.

1.1. Simplified Case.

The kinematic amplification can best be seen by considering

the simplified case consisting of two beams and two fibers as shown in Figure 3.2,

As the two fibers contract, the two beams are pulled together. The displacement, gain,

AdfAs, is defined as the change in stroke along the separating distance, divided by the

change in the fiber length, Since ideally the motion is constrained along d we have:

but s = L/cosw, so,

(1)

st=d*+ 12

8

6(!/58 = \/,(‘,3—--_],3

&d 1 1

ds  /1-cosa? sina
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1. SHAPE MEMORY ALLOY ACTUATOR

Force

I L |

Fiaure 3.2. Simplificd case: Two beams with two fibers

The displacement gain is inversely proportional to the sine of the weave pitch. As the
disks get closer together the instantancous displacement gain dramatically increases as seen

in Figure 3.3 asymptotically approaching infinity.

14

Displacement Gain
1= ~

6 6 1 12 14 B w X2
Waave Pitch Angle in degreas

Qﬂh
~
o~

Ficure 3.3. Displacement gain vs. weave pitch angle

Two fibers acting in such an arrangement have a gain in stroke at the expense of an at-

tenuation of the traction force. Assuming the transmission between force and displacement
17



2. DESIGN PARAMETERS
to be lossless, d’Alembert’s principle gives us:
AW =Ad- I+ As-t =0
lience,
Ad- = —Asd
where ¢ is the tension in the fiber and £ is the force generated. The work petformed by
tensioning the fibers is equal to the work performed by the contracting disks.

The weave pattern of the actuator achieves a kinematic amplification for each cell of the
actuator. All the radial components of the tension forces of the twelve libers cancel, leaving
only a common tensile stress force component. The displacement. gain overcomes the two
main mechanical drawbacks of the the alloy, while the force attennation is compensated by
using several fibers in parallel. The actuator is no longer limited to the absolule percent
strain of the fiber. The displacement gain also allows the fiber to operate at reduced percent.
absolute strain. Since the cycle lifetime of the fibers increases dramatically if they operate

“at a lower than absolute strain, the cycle lifetime will also be increased.

The weave patiern also results in an ideal ‘tensegrity’ structure [11], with all compres-
sion members being passive and all lension members active, resulting in an optimal use of
the material. Loosely speaking, this has a biological analogy scen in the skeletal arrange-
ments of creatures with endo-skeletons, where the muscles are the active tension members,
and the bones are passive compression members.

The response of the actuator is limited by the cooling rate of the Ni'Fi fibers, which
directly depends on the fiber’s surface area to volume ratio. The higher this ratio the more
rapidly the fiber will cool. To obtain a reasonable response, one hundred micron fibers were

chosen for the actuator prototype. Twelve 100 micron fibers acting in parallel, allow rapid

cooling in ambient air without compromising strength.

2. Design Parameters

The prototype represents only one configuration of the actuator’s possible parameters.
The supporting disk size and spacing, the number of fibers, and the displacement gain are
all adjustable parameters. Figure 3.4 will define the variables involved, highlighting only
one of the fibers in a single actuator cell.

2.1. Displacement Gain. All the parameters are inter-related leading to an engi-
neering problem for which an acceptable trade-off must be found within set constraints.

Equation(1) shows that the displacement gain is inversely proportional to the sine of the
I8



2. DESIGN PARAMETERS

Top View

Side View

L - length of fiber along disk
r - disk radius

T - offset angle between
succesive disks

s - length of fiber
d - interdisk seperation
€L - weave pitch angle

FIGURE 3.4. Variables defined
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2. DESIGN PARAMITTERS

weave pitch. The weave pitch in torn is dependent on the fiber weave pattera and the radius
and spacing of the supporting disks. From figure 3.1 it can be seen that siimple trigonometry

gives us the following equation for the weave pitch:

{
n = arefa n(;—)

The weave pattern is determined by the number of notches avound the disk, and the
relative alignment of successive disks. The ofiset angle, v, is the angle between notehes ol
successive disks in the actuator, The length along the disk can be found by the following:

, = 2rx .!-'in(?—))
Putting all this together results in the following cquation [or the displacement gain.
dd |

&s .cirt(tzf‘c:tr:rz(ﬁm))
¥ 2

The displacement gain with respect to L and d is given by:

dd _ VIE+d® L2+
§s d R
Figure 3.5 shows the displacement gain plotted against the separation distance d, and
the length along the disk L, with a normalized radius.

12+
10
B+
64

44

Displacementgain

24

0
20

10
Lenglh 2 Distanco

Figure 3.5. Displacement gain vs. d and L
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2. DESIGN PARAMETERS

T'he displucement gain is augmented by increasing the offset angle v, or by decreasing
the inter-disk distance d. There are of course limits on both of these parameters. As the
offset angle approaches 180 degrees, the fibers approach the axis of the disk. This causes
the structure Lo become less stable and reduces the available space in the center for the
placement of the springs and/or a position sensor, (an ideal place for a scnsor). The radius
of the inner bounding cylinder, shown in Figure 3.6 can be found by simple trigonometry

1o be r; = 1+ cos v where r is the disk radius and # is the offset angle

Ficurg 3.6. lnner bounding cylinder

Decreasing the distance in between the disks dramatically increases the displacement
gain but limits the amount of stroke per cell. The minimum separation distance d, is
then directly dependent on the weave pitch. If the disks begin their motion very close to
one another they can only move a small distance before they come in contact with one
another. The available stroke per cell can be increased by either increasing the offset angle

or increasing the disk radius,
.

2.2. Weave Pattern. The weave pattern of the actuator determines how many fibers
are to be used in parallel, and affects the displacement, gain through the choice of the offset
angle. Numerous configurations result in“a stable wéa\{g that will operate much like the
prototype (see Appendix B). For exmnple""‘I"‘igum 3.7 sh;\\‘s the weave pattern of a five
notch disk with two different offset angles. "l‘hef_t__gp_pf Figlul‘re 3.7 has an offset angle of
108° with the notches of successive disks offset. The bottom of Figure 3.7 shows an offset
angle of 144° with the notches of successive disks aligned. Note that as the offset angle is

increased the inner bounding cylinder decreases.
21



2. DESIGN PARAMETERS

Ya 105”

Top view Unraveled disk

Figure 3.7. Weave pattern for 5 notch actuator for ¥ = 108 and y = 144°

For the actuator prototype in Figure 3.1, cight disks were chosen with 6 notches spaced
60° apart. The prototype actuator was constructed by aligning the disks vertically so that
cach successive disk was offset by 30°. The weave pattern was obtained by threading a
single fiber along the notches of the cight disks. Adjacent disks were connected by the liber
through notches that were separated by an offset angle of 90°. The two end disks are woven
along successive notches as shown in Figure 3.1, To gel a better idea of how the fibers are
woven, imagine the disks of the actuator rolled out so that they are flat. Figure 3.8 shows
a four disk actuator with the disks unraveled. The fiber weave wonld begin at an end disk

and pass through the successive points one through five.

notch

O ONNO)

— / ~_
\l | & 1 L 1
1 I 1 L]
unraveled disk
i [Pl 1 1 L
I / 1 T L T
A
end disk

FiGure 3.8. Unraveled fiber weave
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2. DESIGN PARAMETERS

top view unraveled disk

Ficure 3.9. Completed weave

The fiber would then continue going back and forth between the two end disks until
it arrived back at its starting position. The final result is twelve fibers woven in counter
helical rotations such that all radial forces cancel out upon contraction.

Theoretically the weave pattern should be stable with an offset angle up to 180°. How-
cever configurations with an offset angle greater than 120° are not stable using the separating
supporting disks. Configurations with a large offset angle tend to rotate into a lower energy
configuration before heating due to unequal tension. This problem could be solved by using
a support structure for the weave such that individual components are not free to rotate
relative to one another. With the problems of friction aside, this could be accomplished
with two or more guiding shafts along the disks. The actuator is completely modular in the
sense that any number of celis can be cascaded together. Particularly long chains however
will have difficulties with sagging unless an axial supporting shaft is used. To realize most
of the weave patterns, a single fiber can be used with an odd number of actuator cells.

The force generated by the actuator can be adjusted by choosing the number and size
of fibers used in the weave. Obviously, the more fibers that are acting in parallel the larger
the force generated. Again there is a limitation here on the number of fibers that can be
used. As the number of fibers increases so does the fiber interference in the weave. Fibers
with a larger diameter can be chosen, but at the expense of response as cooling times will
increase.

Table 1 shows a number of actuator configurations. The effect on the displacement

gain is given by the length L, with a normalized radius.
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2, DESIGN PARAMIETERS

Notches | # of fibers | Offset Angle | Length
num | angle 1 L.

8 A5 G G7.5 L1t
a0 telld

112.5 1.GG3

7 97.5 ] 86.2 1367
115 1.G87T

] GO 12 GO 1000
a0 L4

120 1732

5 72 10 T2 1176
108 1.618

4 90 8 90 LAl
135 1.848

TasLe 1. Table of actuator configurations

2.3. Design space. The numerous counfigurations available result in a rich design
space. A typical application for a miniature actuator requires a specific stroke length at o
specific force. The overall size of the actuator is also often an important consideration. The
actuator prototype was designed Lo have an initial displacement gain of five and i destred
stroke of 2.5 mm. Since the actuator consisted of seven cells this corresponded 1o a 042
mm displacement per cell. The initial d was set at 2 mm to realize the displacement. gain
for an actuator with a radius of 7.5 mm. At full contraction, d= 1.53 mm the displacement,
gain was approximately seven., The actual fiber contraction was then approximately one

per cent.

Table 2 summarizes the various tradeofls in designing a shape memory alloy actuator.

2.4. Construction. The actuator prototype is hand woven. The supporting disks
all have a threaded center so that they can be mounted on a threaded shaft. The disks
are placed on the shaft alternately with the preloading springs. The proper alignment of
successive disks was accomplished via guide holes drilled in the disks corresponding to the
desired offset angle. For the actuator prototype, four guide holes were required offset, by 90°.
Once the support disks were mounted and the proper separation distance d, determined for

the desired displacement gain, the disks were fixed to the center shaft by two nuts at each
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Desired properly

How

Trade-off

Increase displacement gain

increase disk radius

increase in size

decrease d

decrease in stroke per cell

[nerease foree

increase fibor diameter

slower respoilise

increase fiber #

increase in fiber interference

Increase stroke

increase weave pitch

decrease in displacement gain

increase disk radius

increase in size

increase # of cells

increase in size

Increase response

decrease fiber diameter

decrease in force

Decrease in size

decrease disk radius

decrease in displacement gain

decrease # of cells

decrease in stroke

TasLE 2. Table of design tradeoiis

end of the actuator. The weave was then achieved by rotating the center shaft as the fiber

was woven from end disk to end disk. In this manner it is possible to mechanical connect

many fibers in parallel, quickly and securely. After the weave was completed the two ends

of the fiber were merely tied in a knot. This also provided a secure mechanical connection

as most of the stress on the fiber occurs at the notches.
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CHAPTER 1. CONTROLLER DESIGN

CHAPTER 4

Controller Design

1. Introduction

A considerable amount of work has been undertaken with the modeling ol shape mem-
ory alloy actuators [19], [9], [27], while relatively less attention has been paid to the design
of feedback control laws. Many leedback contral techniques reported in the literature ap-
plied to shape memory actuators are in lact linear compensators such as P, L PD or PID
controllers [29], [27], or close cousins.

As seen in Chapter two, the dynamics of shape memory actuators are predominantly
nonlinear because the energy conversion principle, from heat to mechanical, relies on ex-
ploiting phase transitions in a metal. This creates a significant hysteresis in addition 1o
many other nonlinear effects having memory or not. In addition, the detailed propertics
of the dynamics of shape memory alloys vary greatly with their metallurgy, fabrication
process, training techniques [17], aging, ambient conditions, and thus are diflicult to de-
scribe accurately and in general terms. Morcover, most of the detailed descriptions of their
underlying physics are often not very useful for controller design.

The overwhelming advantage of variable structure control is that relatively few param-
cters representing the knowledge of the physical properties of the plant need Lo be known
since only inequality conditions need to be satisfied in the design [25]. 1t is also well known
that variable structure control is quite insensitive to plant parameter variations since the
resuiting trajectory resembles a time near-optimal switching curve,

It is often stated that a disadvantage of VSS is the disconlinuous nature of the control
signal which may cause problems in actuators in terms of ringing, excessive dissipation,
and excitation of unwanted dynamics in the plant being driven by these actuators. These

problems sometitmes can be minimized by the introduction of smooth switching laws while

20



2. EXPERIMENTAL SETUP

retaining some ol the advantages of Lhe technique. Another approach is the introduction
ol boundary layers in the vicinity of the so-called sliding surfaces when the nature of the
plant. precludes Lhe switching frequency to approach infinity, see for example [26].

For some actuation techniques, switching is not a problem and clearly shape memory
alloy actuation is one of them: the mechanical energy is derived from heat which makes the
actuztors naturally low pass and thus undisturbed by step or impulse inputs. Moreover, Lhe
robustness properties of variable structure control combined with the modeling difficulties
of shape memory alloy actualors creates considerable incentive to apply the former to the
later,

One original motivation for variable structure control is that they are exceedingly prac-
tical [25]. No amplifiers, valves, or other continuous energy throttling mechanisms are
required, only switches.! One great attraction of shape memory alloy actuators is the pos-
sibility for miniaturization, With variable structure control, the energy throttling device
can be as simple as a single FET, switching current on and off from a power bus, thercby
opening a path toward a mechatronic-type high degree of integration, including in a single

unit actuation, sensing, control and cnergy throttling.

2. Experimental Setup

The fibers used in the actuator only exhibit the one way shape memory effect. For
this reason it is necessary to force bias individual actuators so that they will return to their
original length when cooled. This can be easily accomplished by using biasing springs or
by using actuators in an antagonistic fashion, Shape memory alloys are especially suited to
anlagonistic arrangements since the force required to deform the alloy is about 1/5th of the
force generated by the phase transformation [18]. The deformation stress is approximately
35 MPa while the recovery stress is near 190 MPa. Using the actuators in an antagonistic
fashion also results in an improved system response since the response time of the actuator
system will then strc}‘i'tgly depend on the heat activation time constant, which can be tuned
according to the input current amplitude. For these reasons open loop experiments were
performed using two actuators in an antagonistic fashion. The testbed used for experimen-
tation is shown in Figure 4.1.

The testbed consists of a pulley, mounted to a galvanometer shaft, and supports to

connect the actuators mechanically and electrically. The galvanometer is a limited rotation

"The energy throttling mechanisms often account for much of the complexity of systems, and robotic systems
do not eseape that rule as commented in [15]
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Ficure 4.1, Top view of Lestbed

of disturbance torque.

servo motor that is specifically designed for highly linear torque and deflection characteris-
tics. The supporting controller board (the AEL000) comes complete with a PH) controller,
temperature compensation circuitry, and position and velocity sensors. lor our experi-

ments the testbed served as a highly lincar position and velocity sensor, as well as a sonrce

Position and velocity were measured by the galvanometer and fed through the A/D
to a computer. Output signals included the motor current, used to simulate a spring-
damper load, and control signals to pulse width modulate the fibers. Since the NiTi alloy

is resistive it is possible to heat the fibers electrically. Heating was accomplished by using a
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3. OPEN LOOP RESPONSE

linear eurrent amplifier that supplied constant current. despite any changes in the actuator’s

resistasico,

3. Open Loop Response

3.1. Actuation. Applying current across the end plates of the actuator cause the
libers to heat and contract. Actuation is accomplished in a smooth, silent and lile-like
fashion. [n the ideal case all the radial components of force cancel leaving only a tensile
force, resulting in an axial displacement.  Also, in the ideal case, the separating disks
would remain parallel, each anchor point on the disk being pulled equally. In practice
this does not occur for two reasons. The first is that the supporting disks are made from
aluminum, and aluminum acts as a heat sink causing the fiber to heat unevenly, The fiber
near the supporting disks would be at a lower temperature than the fiber in between the
supporting disks. This would cause them to contract at different rates. This does not occur
in a symmetric fashion as the thermal contact between the fiber and the aluminum is not
consistent depending on how much the fiber has contracted. The sccond reason is a result
of the actuator construction. As the fiber is being wound onto the supporting disks it is
likely that the tension in the fiber is not uniform.

This is not such a serious problem as would first appear due to the properties of the
alloy. Sections of fiber that are under greater tension will have a higher Austenite starting
temperature. ‘This means that the sections of the fiber under lower tension will begin
contracling before the sections of higher tension. This will act to cancel out any tension
anomalies in a self regulating fashion.

The oscillatory behavior superimposed on the response is due to the linear under
damped sccond order dynamics of the system accounting for load inertia, fiber elastic-
ity and actuator damping. In the controller design, this effect has been ignored since it will

be designed to track position and consequently will stiffen the system by a large factor.

3.2. Varying Current Amplitude. Open loop experiments were performed by us-
ing pulses of constant current to heat the fibers. Figure 4.2 shows the results of heating
one of the actnators with a 50 ms pulse while varying the current amplitude by 0.5 A steps
from 7.5 A to 14.5 A. Since the actuator consists of twelve fibers in parallel, the current in
an individual fiber is divided by a factor of twelve.

Upon heating, the fibers initiaily undergo a small thermal expansion as can be seen in
Figure 4.2 as a small displacement in the negative direction. This is followed by a relatively

constant time lag as the temperature increases to the Austenitic starting temperature,
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Open Loop: Displacement-Time
14.5 amps

14}

12F
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FiGure 4.2. Open loop response to changing current amplitude

As. The phase transition then begins and the fibers begin to contract in an almost lincar
fashion. After the current pulse ends, the fibers undergo a thermal contraction and then
expand according to the cooling time counstant of the actuator. The oscillatory hehavior
superimposed on the response is due to the linear under damped second order dynamics
of the system accounting for load incrtia, fiber elasticity and actuator damping. In the
controller design, this effect has been ignored since it will be designed to track position and
consequently will stiffen the system by a large factor.

The initial time lag of the actuator depends on the temperature of the alloy when the
current is applied. The time lag is relatively constant in this case sinee the alloy was allowed

to cool to room temperature before a successive test was run,

3.3. Varying Pulse Width. Figure 4.3 shows the results of heating the actuator

with a constant current and varying the duration of the pulse.
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Open Loop : Displacement-Time

14r 50 ms pulse
12}

101
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-
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0 20 40 €60 80 100 120
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Figure 4.3. Open loop response to changing pulse width

Again the initial thermal expansion and time iag can be seen. The fiber then enters the
phase transition and undergoes contraction in an almost linear fashion. This contraction
continues as long as the current pulse is active, up to the maximum percent strain of the

fibers.

3.4. Quasi-Linear Relationship. The open loop step response of the actuator
reveals that aithough the phase transformations exhibit highly non-linear properties, a
markedly lincar relationship between heating time and percent strain can be observed in a
large portion of the graph. This relationship occurs after the alloy’s temperature reaches
M,, the Martensite starting temperature. Before that temperature is reached, the fiber
undergoes thermal expansion which explains why the response appears to be “in the wrong

direction” when heating is applied to a fiber significantly colder than M,. This effect could
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1. CONTROLLER DESIGN

be approximated as a time delay, but can be ignored since when the actuator is under
control for normal operation its temperature is kept in the vicinity ol A,

The slope of the line depends monotonically on the magnitude of the current pilse used
to heat the fiber. The higher the current the faster the temperature increase and therefore
the faster the response. Again, the relationship between current magnitude and steain rate
of change is quasi-lincar.

Considering switching in time as a control signal, it is seen that the amount of dis-
placement is in direct relationship with pulse duration and also in a monotonic quasi-lincar

relationship as exhibited by the linal values of the family ol curves.

4, Controller Design

4.1. Motivation. A switching control law makes it possibie to drive the siate tra-
jectory of a non-linear plant along a user chosen surface in the state space. Such a surface is
referred to as a switching surface since the control gain switches depending on whether the
state trajectory is above or below the chosen surface. A position set point was chosen for the
switching surface for the initial controllers. In the phase plot of position vs. velocity, this

corresponds to a vertical switching surface at the desired position as shown in Figure 4.4,

X

' gradient

T state mjectory

X

switching surface

- -

Figure 4.4, Phase plot

Starting from initial conditions, in this case the origin, the state trajectory is driven
towards the switching surface. This is a result of constructing the control gains such that the
gradient of the state space vector is always directed towards the switching surface. In the
case of the antagonistic arrangement this merely entails switching the actuator according

to the sign of the error. Also, note that the selection of which actuator is the agonist and
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which is the antagonistic comes at no extra cost. in the non-linear control design, whereas
with a lincar controller further adjustments are required.

With properly chosen feedback gains the state trajectory can be constrained to move
along the switching surface after the initial intersection with the switching surface. Such
a motion along a switching surface is referred to as ‘sliding mode’. A sliding mode exists
on a discontinuity surface, s, whenever the distance to this surface and the velocity of its

change are of opposite signs [25]. More specilically:

lim s>0and lim §<0
=0 -0+

Any perturbations from the switching surface results in an immediate control signal
that forces the trajectory back on to the switching surface. Infinitely fast switching is
required in order for the state trajectory to exactly follow the discontinuity surface. Actual
systems however must always switch at a finite frequency due to various imperfections, such
as hysteresis or delay. With well designed gains, the system will enter a limit cycle around
the desired point in the phase plane.

In the time optimal seuse, switching is the most efficient way to drive plants since the
maximum realizable gain is used at all times, The major drawback of using maximum drive
for high speed switching is stability. For small perturbations, the maximum feedback gain
may cause the system to oscillate or to go unstable. The gain must be chosen so that it is
large enough to drive the plant as quickly as required to the set point, yet be small enough
50 as to nol cause oscillation larger then a specified limit. This oscillation near the switching
surface is referred to as chattering. In the phase plane this results in the state trajectory
going into a limit cycle as shown in Figure 4.5.

The top of Figure 4.5 shows a system that is sufficiently low passed such that the effects
of switching can be ignored. This results in the state trajectory settling to the set point.
The bottom of Figure 4.5 reveals the typical limit cycle, with the state trajectory oscitlating
around the set point at some finite frequency and some finite boundary layer,

Hybrid switching controllers have also been proposed {12], notably a two stage switching
control law, In the two stage approach different feedback gains are used as one approaches
the discontinuity surface. This results in a controller with several switching surfaces, how-
ever the surface defined by the set point is the only surface to exhikit sliding by the choice
of the feedback gains. To achieve the desired performance specifications for the actuators,
several two stage controllers will be implemented. When the position error is large the

fecedback gain will be the maximum, driving the plant as quickly as possible towards the
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FiGure 4.5, Limit eyele

set point. Once the plant’s trajectory arrives within a specific layer of the set point the
feedback control law switches in order to eliminate or reduce the leve) of chattering,.

Limit cycles may be desirable in applications where the chattering is filtered out by the
mechanics of the driven load. When possible, the existence of a limit cycle eliminates the
steady state error due to the hysteresis in the actuator response and increases the average
precision of the control acting like a self induced dithering signal. When its amplitude is
kept reasonably low it may also have other beneficial effects such as linearizing the plant,
in the low frequencies and improving perturbation rejection. For the camera application
discussed in Chapter five the limit cycle magnitude should be kept within a pixel of the
CCD camera used. If a limit cycle is not desired, it is possible to consider a boundary layer
around the discontinuity surface, inside which the plant is driven smoothly Lo the surface

at the expense of time domain performance.

4.2, Two Stage - Linear controller. [igure 4.6 shows the three switching surfaces
involved in the two stage linear controller. If the error is large then the maximum constant
feedback gain is wsed. As the state trajectory approaches the set point the control is
switched to the linear proportional controller.

This results in a smoother motion as the state trajectory slows down when it approaches

the set point switching surface. T'he disadvantage of this, is that in the vicinity of the set
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Figurk 4.6, ‘T'wo stage lincar controller

point the feedback signal is low, so the plant is casily disturbed by small perturbations.
A steady state error is also inherent in this controller, especially near the limits of the
workspace,

I'he adjustable parameters for the two stage linear controller are:

¢ location of the threshold switching surfaces
¢ the amplitude ol the constant, current pulse

¢ the gain of the linear proportional controller

The amplitude of the constant current pulse should be chosen as large as possible in
order to realize the shortest risetime. The limit here is not on how fast the fibers can
be heated but on the stress generated by the actuators. Too large of a current pulse will
overstress the actuator and have an adverse effect on cycle lifetime. The threshold switching
surfaces should be placed as close as possible to the set point surface. However if they are
placed too close the minimum energy delivered by the maximum constant pulse will be
cnough to drive the plant outside the boundary level. When this occurs the plant will
go into a limit cycle with an undesirable large amplitude. Finally the gain of the linear
proportional controfler can be set as large as possible while maintaining stability.

Mathematically the control scheme is given by tabie 1.

The block diagram of the controller can be seen in Figure 4.7.
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4. CONTROLLELR DESIGN

error signal input
error > positive threshold maximum positive constant
positive threshold > error > 0 gain=k*error
0 > error > negative threshold gain=-k*error
error< negative threshold maximum negative constant

TaBLE 1. Feedback gains of two stage linear controllee
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Ficurk 4.7. Block diagram of two stage linear controller

4.3. Two Stage - Constant Magnitude, The two stage constant magnitude con-
troller is identical to the two stage linear controller except now a smaller constant input, is
used near the set point switching surface (see Figure 4.8).

This eliminates the need for a proportional amplifier to realize the control gain near
the switching surface, simplifying amplifier construction. The controller should also he
better able to resist perturbations as a significant control gain is applied for even a slight
perturbation.

A good value for this gain near the set point is the current level needed to maintain
the current temperature of the actuator. That is a current that will provide enough heat,
to compensate for the ambient heat loss. A limit cycle will result around the set point due

to the time lag in the plant associated with the time delay in heating the fiber.
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Figunk 4.8. I'wo stage constant controller

5. Experimental Results

5.1. Limit Cycle. Figure 1.9 shows the existence of a limit cycle when a straight
switching controller is used. The controller switches according to the sign of the error,
with a constant feedback input of 9.2 A, The path in the phase plane for the steady state
essentially forms a closed loop. Note that the overall length of the actuator used was 25

mm.

5.2. Two Stage - Linear Boundary Layer. Figure 4,10 shows the step and ramp
responses of the two stage linear controller with the parameters set as follows: 1} maximum
gain = 6 A; 2) lincar proportional gain = 16.37 * error in A and 3) threshold level = 0.25
mnt. "The various parameters have been tuned for the specific input step.

"The step response, although smooth, never reaches the set point, and has a steady state
error of (.11 mm, due to the low feedback gain near the set point. Switching between the
two actuators does not take place here since the plant’s trajectory never reaches the sliding
surface. The rise time, measured from the 10% to the 90% of the final value is, 87 ms with
a 50 ms delay,

The tracking response has a time lag of 36 ms due to the delay between applied current

and the phase transition. Also, note that the slight dip at the beginning of the ramp
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response is due to the fact that the actuator responds at a lower rate at the beginning of

the phase transition as seen in the step response.
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5. EXPERIMENTAL RESULTS

. 5.3. Two Stage - Constant Magnitude. Figure 4.11 shows the step and ramp re-
sponse to the two stage constant controller with the parameters set as follows: 1) maximum

gain = 6 A; 2} gain near set point = 4 A and 3) threshold level = 0.25 mm.
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Fiqurg 4.11. Step and ramp respounse of two stage constant magnitude controller
. The step response here enters a limit cycle of 116 Hz with an average value steady state

error of 0.04 mm. The rise time is 91 ms. The tracking response has a time delay of 28 ms for
the positive slope and is nearly zero for the negative slope. This asymmetry in the tracking
response is & byproduct of the displacement gain. As the actuatol contracts the displacement
gain increases. When the actuator is extended it has a lower displacement gain than when
it is contracted. This means for the negative slope of the ramp the driving actuator will
have a higher gain, and hence be able to follow the ramp more closely. This is also primarily
why the two above controllers can only be ideally tuned for a small range of step response.
As a refinement to the two stage constant magnitude controller, a different magnitude puise
was used inside the boundary layer, depending on the state space information, whether the
actuator was extended or contracted. Again in an effort to keep the controller as simple as
possible, a single magnitude was chosen for the feedback inside the boundary layer. The
block diagram of the switching scheme is given in Figure 4.12.

The results of the refined controller can be seen in the series of steps show in Figure 4.13.
The amplitude of the three pulses was set as follows: 1) high = 1.5 A; 2) medium = .95 A
and 3) low = .55 A. Ideally the constant magnitud: pulse inside the boundary layer should
have an amplitude that compensates for the displacement force tradeoff throughout the

o "
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workspace of the actuator. In Figure 4.13 the results of using only two magnitude pulses
can be seen. For small steps, 0.5 mm, the limit cycle is slightly higher than the set. point.
The magnitude of the medium pulse is too high compared to the magnitude of the low

pulse. However for large steps, 2.5 inm, the limit cycle is slightly below the set point. The
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FiGuRe 4.14. Effects of load

magnitude of the medium pulse is too low compared to the low pulse. And of course for

the medium steps, the limil cycle is centered around the sel point.

5.4. Effects of Load. Applying a load to the actuator system affects the limit cycle.
The inertia of the mass causes the system to be lowpassed decreasing the frequency of the
limit cycle. This can be seen in Figure 4.14 as a series of steps are applied to the system

with an inertia of 1.08 kg/cm?.

5.5. Disturbance Rejection. By construction of the set point switching surface,
any deviance from the set point results in an immediate gain that drives the plant back
to the set point surface. In Figure 4.15 a disturbance torque step of .03 Nm is applied by
the testbed at 100 ms. This corresponds to 1.0 N at the actuator or 25% of the actuator’s

maxintum force.
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CHAPTER. 5. CAMERA

CHAPTER 5

Camera

1. Foveated Vision System

The camera platform was designed around a commercially available Panasonic cam-
era, tmodel GP-MS112. The model GP-MS112 features a 1/2” CCD with 335,000 picture
clements in a compact lightweight package. The camera and lens assembly weigh approxi-
niately 50 grams. The need to orient the camera is motivated by the use of a foveated vision
system based on a network of C40 DSP’s [6], which consists of a high resolution fovea with

cceentric circolar overlapping receptive ficlds in the periphery as seen in Figure 5.1.

Periphery

FIGURE 5.1. Foveated vision system

The resulting image output consists of two mappings. The fovea is a copy of the center
of the image and cach circle of the periphery corresponds to one output pixel and is mapped
in log polar coordinates. The camera is required to pan and tilt to increase the field of vision.
Torsion is required to simplify the processing of stereoscopic information in a two camera

arrangement, or to compensate for camera motions.
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2. GIMBAL AND SUPPORT
2. Gimbal and Support

A gimbal arrangement was mannfactured to support the camera. Esseatially the gimbal
consisted of an interior disk, suspended by an outer ring and suppaorting beams. The support
structure was required to be light in weight, and as {riction [ree as possible. o order to
minimize the weight, the supporting structure was completely manufactured with durable
light weight Delrin plastic. Friction was minimized in the gimbal by connecting adjacent.

rings with plastic hinges as shown in Figure 5.2 .
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-

4 mim diameier

1am

Tup Slde
Ftaurk 5.2. Hinge

The hinges have a flexible thin section in the center allowing the end points to rotate
relative to one another. The entire gimbal arrangement can be seen in Figure 5.3, Torsion
is achieved though the use of a thin scction bearing embedded in the interior support ring

of the gimbal. A retaining ring secures the bearing in place as shown in IMigure 5.4.

2.1. Sensors. The two stage sliding mode controller requires position feedback in
order to operate. Position sensing is achieved through the use of optical sensors at the end
of the actuators. A support shaftl was added to the actuator design to provide sinoother
motion upon actuation and to provide an cssential component of the sensor. The support
shaft was machined from Delrin, and was fixed to one of the end disks by a fitted hollow pin.
The pin also provided a mechanical connection to the tendon. The optical sensor consists
of a LED light bar and a simple photovoltaic cell. The support shaft then operates as a
shutter between the LED and the photovoltaic cell as shown in Figure 5.5,

Moving the end disks relative to one another will cause the area illuminated on the

photocell to change. The illuminated area on the photocell is lincarly proportional to the
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short circuit current of the photocell. A trans-impedance amplifier was then used to boost
the signal from the photocell. The response of the sensor over its operating range is shown
in Figure 5.6. The small bumps in the curve result from the fact that the light bar is
actually four L.E.D’s in an array, and therefore the light emitted is not completely uniform.

This provided us with a compact linear optical sensor that is easily integrated with the
actnator (Figure 5.7). The housing of the sensor is also used to mechanically support the

actuator and to fix the actuator at one end through a set screw.
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FiGure 5.6. Sensor response

3. Actuator Configuration

Actuation of the camera platform is achieved through four actuators configured in

a parallel arrangement. Parallel mechanisms are normally lighter in weight than serial
A6



3. ACTUATOR CONFIGURATION

Optical Sensor Actuator
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Ficure 5.7. Actuator sensor package

mechanisms due to the pyramidal clfect of serial mechanisms. The actuator configuration
used is similar to that proposed in [24]). The interior ring of the gimbal has four anchor
points that form asquare. The configuration involves positioning the actuators in Lwo pairs,

cach pair having a comton base point, as seen in Figure 5.8.

Platform

anchor point

Support

FiGure 5.8. Actualor configuration

This increases the workspace of the system since collision between actuator pairs is
avoided. Also in order to realize & more compact design, the passive gimbal is manipulated
through the use of tendon drives. Paddles are used to connect the actuators to the gimbal
through the tendons. This allows us to realize thé physical arrangement of Figure 5.8
and to position the base of actuation for the pairs of actuators close together. Figure 5.9
shows how the four paddles are arranged. The paddles rotate around two smooth steel

shafts supported by two cross beams. The tendons are connected to the gimbal through
47
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the paddles and back to the actuators. Also note that the paddies implement an additional

mechanical displacement gain,
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Fraurs 5.9. Paddles

4. Integration

Some additional support structure is needed in order Lo integrate all of Lthe camera
platforin’s components. The actuator/sensor packages are held by the housing shown in
Figure 5.10. Onuly one of the four actuators is show for simplicity. ‘I'his housing also
provides support for the wiring needed to connect the actualors.

The components of the housing are clamped together by screws Lhat compress the
sensors. Two additional support beams are needed to connect the sensor/actuilor pack to
the paddles and finally to the gimbal. Figure 5.12 shows the complete integrated unit,

Each motion of the camera corresponds to differenrtial motion of the actuators oflering
a path toward adapting the switching controller described carlier to the entire system. At
present the camera is only actuated in an open loop fashion. The three motions, pan,
tilt and torsion, are considered decoupled. For example, in order to tilt right Lhe two
actuators on the right side are turned on, pulling against the passive two actuators on the
Jeft side. Torsion is achieved by actuating two actuators on the diagonal, This can be seen in
Figure 5.11 where the shaded actuators are contracting upon operation. Some preliminary

results using this open loop scheme are given in the conclusions in Chapter six.

48



4. INTEGRATION
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Figure 5.11. Gimble motions
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CHAPTER 6. CONCLUSIONS

CHAPTER 6

Conclusions

1. Conclusions

A novel actuator using shape memory alloys has been proposed that overcomes two of
the main drawbacks of shape memory alloys, those being limited strain and limited cycle
lifetime. The abundant force available with SMA fibers is efficiently transformed to increase
displacement by weaving the fibers in a double helix around supporting disks. This can also
provide increased lifetime as the fibers can now be operated at lower than absolute percent

strain.
An actuator prototype (sce Figure G.1) has been constructed with the following prop-

erbies:

FIGURE 6.1. Shape memory alloy actuator

¢ light weight - 6 grams,
o compact - 17 mm cylinder, 25 mm long,

e powerful - 3.5 newtons,
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direct drive actuator,

s requires no gears or lubrication,
¢ ¢lastic - smooth movements,

¢ acoustically silent,

¢ modular and

e inexpensive and simple construction.

Open loop experiments have been conducted to demonstrate the intrinsic properties
of the actuator. Several two stage switching controllers were then applicd to the actuator.
The controller is based on a simple concept and produces satisfactory vesults. By adjusting
the control gains it is possible Lo reach a set point with a small steady state error ar Lo
go into a desirable limit cycle within a specilied limit. ‘he two stage constant controllor
demonstrated that the added complexity of a linear proportional controller is not required,
as similar results are obtained with the twe stage constant magnitude controller which can
be implemented in practice with very few eclectronic components.

A compact pan, tilt, and torsion camera unit. was also constructed implementing the

actuators to demonstrate their feasibility in a miniature application (sce Figure 6.2).

optical
SEnsors

camera

Freure 6.2, Camera protolype

This first camera prototype has the following preliminary characteristics:

o speed = 350 degrees/s



-

l. CONCILUSIONS

o aceeleration = 5800 degrees/s*
o size = |80 mm x 77 mm x 77 mm
« Weight,
— cameris = 5{) grams
— aclualors = 24 grams
— sensors = 25 grams
— support structure = 250 grams

— total weight = 349 grams

1.1. Future work. As with the design and construction of any prototype the door
is opened for numerous future improvements and developments, ranging from the materials
used to the actuators intended application.

The fibers in the actuator prototype were electrically connected in parallel. Given the
low resistance of the NiTi, a large current at a low voltage was required in order to heat
the fibers. A simple solution to this is to electrically connect the fiber in series [8]. This
would be a simple matter for the actuator protatype, as a long single fiber was used in
the construction. The double benefit of reducing the required current and increasing the
applied voltage would then be realized.

More {reedom of control over the motion of the actuators can be achieved by connecting
the individual fibers electrically, either across individual cells or across the entire actuator,
The individual fibers could than be scheduled to produce tentacle like motions. They could
also be heated in a recruitment pattern similar to actual muscle fibers. In the recruitment
method the number of fibers activated would depend on the force required. For example,
if' a low force is desired three or six of the fibers could be activated. If the entire {orce is
needed all twelve will be activated. This would be useful in the controliers discussed in
Chapter four in an effort to balance out the limit cycles.

Improvements in the response of the actuator can casily be realized by using the numer-
ous forms of heat sinks. Considering the compact size and configuration of the actuator, it is
not hard to imagine a flexible outer shell that could be used to contain a liquid coolant. The

aluminium supporting disks could also be easily replaced with ceramic disks or high temper-

.ature plastic disks to alleviate the problems of uneven heating and wear along the notches.

Finally with the intentions of an integrated mechatronic device, the resistance-position re-

lationship of the SMA alloys could be utilized to provide internal position sensing [31].
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APPENDIN AL PROPERTIES OF NITI

APPENDIX A

Properties of NiTi

Flexinol is the trade name of the shape memory alloy used in the fabrication of the actuators
in this thesis. The following property specilications was taken from [20].
Nickel-Titanium Alloy Physical Propertics
e Density - 6.45 gr/em
e Specific heat - 6-8 cal{mol.C)
¢ Melting point - 1250 C
¢ Thermal conductivity - 0.05 cal(em-C-sec)
o Thermal expansion cocfficient
- Martensite - 6.6x107%/C
- Austnite - 11.0210-%/C

¢ Electrical Lincar Resistivity - 150 a¢/m



APPENDIX B. WEAVE PATTERNS

APPENDIX B

Weave Patterns

As noted in chapter three, the actuator prototype is only one example of the weave patterns
available. Both the number of notches and the offset angle, ¥, determine the weave pattern.
Iixamples of the weave pattern for the configurations detailed in table 1 will be shown in
this Appendix. Most of the weave patterns can be achieved by weaving a single fiber back
and forth between the end disks. The exceptions are noted in the following figures. As an
additional note, the four notch actuator with an offset angle of 90° requires an even number

of cells.
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Top view

Unraveled disk

Figure B.2. Weave Pattern: 5 - notchs
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