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Abstract

In this thesis techniques for fabricating fast contracting and relaxing shape
memory alloy (SMA) fibers are presented. Shape memory alloy fibers have
demonstrated the largest stress and highest power to mass ratio of any known actuator
technology. However their practical application has been plagued by three major
drawbacks, namely: (1) relatively slow expansion of the material despite rapid
contraction; (2) problems of mechanically and electrically connecting to the material
due to the violent nature of their contractions; and (3) low efficiency in the
conversion of electrical energy or heat into mechanical energy. The work associated
with this thesis has led to solutions to the first two problems allowing even sub-
millisecond contraction-expansion cycle times, and fibers to be attached via light
weight but high strength and high conductivity joints. The properties of these fibers

are extensively studied. Both linear and rotary actuators are built using these fibers.

A new technique is presented to mount nickel-titanium (NiTi) SMA fibers.
NiTi alloys are not readily bonded, soldered, brazed or welded to other materials. The
new method employs metal deposited on the fiber or between two fibers or between
fibers and other parts, creating metallic attachments that are mechanically sound and
electrically conductive. Furthermore a new process for the three-dimensional
microfabrication by localized electrodeposition and etching has also been developed.

This latter process, combined with the first process, can be used to integrate NiTi



alloys in micro-mechanisms. The good electrical contacts as well as mechanical
contact provided by the new attachment mechanisms are important, since they allow

the rapid methods to be employed.

Several apparatus were built to study the response of NiTi fibers, in particular
to very fast current pulses. Experimental results were obtained to describe the
response of the fibers, such as their speed, hysteresis, stiffness and resistivity, and
show how these variables change dynamically as a function of time, temperature and
stress. Other measurements important for the design of new actuators were done, such

as those of efficiency when fast actuation with large current pulses is used.

In the third part of the thesis a novel application for fast fiber actuators is

presented in the form of a fast rotary motor for in-the-wheel car rotary motors.
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Résumé

Cette thése présente des nouvelles méthodes pour préparer des fibres en
alliage de mémoire de forme (AMF) en nickel-titane (NiTi) qui peuvent se contracter
et se rallonger rapidement. Les fibres en alliages 2 mémoire de forme donnent de
plus grandes déformations actives et un meilleur rapport de puissance & masse que
tout autre actuateur connu. Toutefois leurs applications ont été a ce jour limittées a
cause de trois problémes majeurs: (1) leur lenteur a se rallonger bien qu’elles se
contractent rapidement; (2) les difficultés a surmonter lors de [I’attachement
mécanique ou électrique di a la nature violente de leur contraction et (3) leur grande
inefficacité dans la convertion d’énergie électrique ou thermique en travail
mécanique. Les travaux de recherche de cette thése ont résultés en solutions aux
deux premiers problémes en permettant méme des cycles de contraction et
d’élongation de I'ordre du milliseconde, et permettant d’attacher les fibres par un
matériel Iéger, robuste et conductif. Les propriétés de ces fibres sont étudiées en
détail. Des actuateurs lin€aires et moteurs rotatifs ont été construits également a partir

de ces fibres.

Dans la premiére partie des travaux la technique pour attacher les fibres de
nickel-titane est présentée. Les fibres en nickel-titane ne peuvent pas étre facilement
rattachées par brasage, cimentées, soudées ou fondues a d’autres matériaux. Cette

nouvelle technique emploie une déposition de métal sur une fibre, entre deux fibres



ou encore entre des fibres et d’autres pi¢ces, servant d’attachement métallique
mécaniquement fiable et électriquement conductif. Un autre nouveau procédé pour
réaliser la microfabrication de piéces de géométrie arbitraire en trois dimensions a
aussi été congu. Ce procédé combiné a la technique d’attachement des fibres de
nickel-titane permettent la fabrication de micro-mécanismes mis par des fibres
d’alliage 4 mémoire de forme. Les contacts électriques de basse résistance et la faible
masse des attachements permettent également de créer des actuateurs rapides de basse
inertie.

Plusieurs montages expérimentaux sont décrits pour I’étude de la réponse des
fibres de nickel-titane a des pulses de courant de courte durée et de haute intensité, en
fonction du temps, des contraintes et des déformations. Les résultats expérimentaux
décrivant les caractéristiques des fibres, tel leur élasticité, leur résistivité et leur
hystérésis et comment ces variables changent en fonction du temps, de la température
et des contraintes, sont donnés. D’autres mesures aussi sont faites, tel I’efficacité
electro-mécanique des fibres lors de leur actuation par des pulses électriques de haute
intensité.

Dans la derniére partie expérimentale de la thése une application des fibres
rapides est presentée sous la forme d’un moteur rotatif pour la réalisation de roues
motrices pour automobiles. La derniére section traite de nouveaux algorithmes de
contrdle basés sur la complexité stochastique congu pour les applications ou il est

préférable de les utiliser comme actuateur a contrdle continu.



Preface

The manuscript-based format was chosen for this thesis. The first Chapter
provides the general background that motivated the research, the rationale and

objectives.

Chapter Two provides the background material and literature review. This
chapter starts with a brief historical development of shape memory alloys. Next a
general overview of shape memory alloys is included. The purpose is to provide some
of the background material concerning relevant properties of shape memory alloys
and techniques involved in their characterization. The last part consists of a literature

review of applications.

Chapter Three presents a new technique to attach mechanically and
electrically NiTi fibers in order to make light and reliable actuators and sensors.
Chapter Four consists of a paper that details experimental work done to characterize
and better understand Nickel-Titanium (NiTi) synthetic fibers. Chapter Five presents
an application of these fibers in the form of a new rotary motor. Chapter Six consists

of the conclusion and the bibliography.

This thesis partially consists of several articles that have been already
published in scientific journals or that will be submitted shortly for publication. In
addition two U.S. patents that have been obtained by the author are included in the

thesis as well as one patent pending application. The following five paragraphs must
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be included to notify the external examiner of the Faculty regulations under these

circumstances:

Candidates have the option of including, as part of the thesis, a text of
a paper(s) submitted or to be submitted for publication, or the clearly-
duplicated text of a published paper. These texts must be bound as an

integral part of the thesis.

If this option is chosen, connecting text that provides logical bridges
between the different papers are mandatory. The thesis must be
written in such a way that it is more than a mere collection of
manuscripts; in other words, results of a series of papers must be

integrated.

The thesis must still conform to all other requirements of the
“Guidelines for Thesis Preparation”. The thesis must include: A
Table of Contents, an abstract in English and French, an introduction
which clearly states the rationale and objectives of the study, a
comprehensive review of the literature, a final conclusion and

summary, and a thorough bibliography or reference list.

Additional material must be provided where appropriate (e.g. in

appendices) and sufficient detail to allow a clear and precise
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judgment to be made of the importance and originality of the research

reported in the thesis.

In the case of manuscripts co-authored by the candidate and others, the
candidate is required to make an explicit statement in the thesis as
to who contributed to such work and to what extent. Supervisors
must attest to the accuracy of such statements at the doctoral oral
defense. Since the task of the examiners is made more difficult in these
cases, it is in the candidate’s interest to make perfectly clear the
responsibilities of all the authors and the co-authored papers. Under
no circumstances can a co-author of any component of such a

thesis serve as an examiner for that thesis.

Pursuant to satisfying the above Faculty requirements, given below is a list of
the articles included as part of this thesis with the responsibilities of each author

detailed.

1. Hunter, L.W., Lafontaine, S. Shape memory alloy fibers having rapid twitch

response, U.S. Patent 5,092,901, 1992.

Contributions of each co-author:
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Chapter 1 Introduction

This thesis deals with synthetic muscle actuator technologies with a focus on
Nickel-Titanium (NiTi) artificial muscle actuators. It became clear after an extensive
survey of current motor technologies that the lack of high-performance motors is one
problem that limits the development of robotic devices (Hollerbach er al., 1991; Hunter
and Lafontaine, 1992a; Hunter ef al., 1991). This is also one of the main reasons why
paraplegics and lower-extremity amputees still have to move in wheelchairs instead of
walking with powered artificial limbs. Current motors cannot generate enough power per
unit mass and enough force per unit cross-sectional area to be concealed in an artificial
limb that could then actively assist in climbing stairs. It was realized after this study that

NiTi fibers could fulfill this role.

Nature has developed an actuator that is used throughout the animal kingdom.
Muscle fibers are nearly identical in size from the mouse to the elephant, and were
developed over 300 million years ago. Their architecture is highly scalable, that is
muscles consist of fibers where more fibers are used in parallel for greater force or in

series for longer displacement.

In this thesis the term synthetic actuator technologies does not refer to artificial
muscles that could be surgically implanted in humans or animals to replace defective
muscles, but instead to a modular actuator technology in which actuators are built from

smaller actuators that can be arranged in series or in parallel. The actuators consist of
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individual fibers that are made from individual contractile wires, strands, ribbons or
films. The synthetic muscles described in this thesis consist of individual NiTi fibers. In
almost all cases, only one fiber will be used for actuation purposes. These fibers can be
attached to elastic materials at either end, just as muscle fibers attach to tendons, to store
energy and to protect them from rapid movements. Similarly to muscle, which include
proprioceptors such as spindle receptors and Golgi tendon organs, synthetic muscles
could include position and force sensors. These sensors would ideally be built from a

similar class of materials.

1.1 Muscle as an Actuator

Whole muscles consist of bundles of muscle fibers. Each muscle fiber is a single
cell which can be dissected and maintained in a functional state (alive) in isolation from
its parent whole muscle. In comparison with other actuators, muscle cells are all basically
of the same design although there are significant differences in performance (e.g., force
rise-time and contraction velocity), resulting from small variations in the molecular

components, architecture and kinetics.

Mammalian muscle may be broadly separated into two categories: striated and
smooth. Smooth muscles are to be found controlling the diameter of various tubes (eg.,
veins, arteries, colon, intestines, and the pupil in the eye). Striated muscles (so called
because of the sarcomere striations readily apparent under a microscope) may be further

divided into two types, cardiac and skeletal. As the name suggests, cardiac muscle is the



actuator from which the heart, a large pump, is constructed. Skeletal muscle is the

actuator which drives all limbs as well as the eye, tongue and chest (for breathing).

A whole skeletal muscle is a bundle of parallel muscle fibers held together by
connective tissue. Nerve fibers, blood and lymphatic vessels weave their way throughout
the whole muscle. These vessels can lie beside but never inside muscle fibers. The
connective tissue (collagen) at the ends of each muscle fiber join together to form the
whole muscle tendon which in turn attaches to bone or fascia (connective tissue). The
force generated by muscle fibers is transmitted via the tendons to the bones where it
appears as a torque about some joint. If the joint torque generated by a muscle is greater
than opposing torques (which may result from external loads or from opposing
(antagonist) muscles) then the limb will rotate about the joint. Thus contraction of

muscles produces angular displacements of limbs about joints.

The muscle fibers in large muscles are long but the diameter of muscle fibers in
small and large muscles is similar. The average muscle fiber diameter in a human adult is
about 50 um whereas 100 um diameter frog muscle fibers are common. It seems that
mammals do not grow more muscle fibers as they mature (or do weight lifting), but rather
the average muscle fiber diameter increases. While isolated muscle fibers can reversibly
contract by over 50% it seems that during normal limb movements they only contract by
10%.

A muscle fiber is a bundle of even smaller fibers called myofibrils, which are

typically about 2 um in diameter and extend from one end of the muscle fiber to the

other. Myofibrils do not have membranes but are separated from each other by a



surrounding network of tubes and sacs. This network has two parts, the transverse tubules

and the sarcoplasmic reticulum.
The sarcoplasmic reticulum (SR) is a network of tubes and sacs, which contain

intra-cellular fluid having a high Ca*™™ concentration. The voltage pulse which turns on a
muscle fiber (called a muscle action potential) travels along the muscle fiber outer

membrane (sarcolemma) (at 3 to S m/s in typical human skeletal muscle) and down holes
into the interior (t-tubules) (at a lower velocity) where it causes Ca*™ to be released from
the lateral sacs of the SR. The Ca* diffuses into the adjacent myofibrils and turns on the
contractile proteins. After the action potential has passed, the Ca*™ is actively pumped

back into the SR.

<+ Long axis of muscle fiber >

think filaments crossbridges thick filaments

AA

<4 Sarcomere length ( ~2um) —>

Figure 1.1 Myofilaments: The myofibril consists of a bundle of myofilaments. There
are two types of myofilaments: the thin filament and the thick filament. The repeating
organization of the thin and the thick filaments and the way they slide is shown here.
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The myofibril is actually a bundle of even smaller fibers called myofilaments.
There are two types of myofilaments, the thick and thin filaments. The thin filament
consists largely of the proteins actin, troponin and tropomyosin. The thick filament
consists mainly of the myosin protein. The repeating organization of the thick and thin
filaments and the way they slide past one another is shown in Figure 1.1. The basic
contractile unit of muscle is the sarcomere (see Figure 1.1) which in vertebrate muscle

can vary in length from 1.5 to 3.6 um with a rest length of about 2.2 um.

The myosin protein has a large pair of heads, which protrude from the thick
filament backbone. These myosin heads are called crossbridges because it appears that
they reach across and attach to adjacent thin filaments during muscle contraction. There
are about 300 myosin molecules per thick filament. The crossbridges periodically attach
and detach from the thin filament during contraction (this is called the crossbridge theory
of muscle contraction). Each crossbridge probably generates a force of about 1 pN
(Ishijima et al., 1991) and after a power stoke of about 12 nm (during which 1 ATP
molecule is hydrolyzed) is dragged for at least 28 nm (Higuchi & Goldman, 1991). The
rate of this crossbridge cycling appears to be more or less dependent on the type of
muscle but it is also highly temperature dependent. For example a single myosin head
appears to consume S ATP molecules/s during peak filament sliding at 2 m/s.

The muscle action potential (in turn generated by a single neural action potential)
causes a burst of Ca*™ to be released from the SR. The Ca** binds to troponin, which in
turn causes the tropomyosin molecule to “move" exposing sites on the actin chain, which
attract the crossbridge. The crossbridge (initially charged with ATP (adenosine

triphosphate)) rotates and generates force from the energy released as ATP splits into



ADP (adenosine diphoshate) and P; (inorganic phosphate). The ADP and P; are released
from the crossbridge head. The crossbridge remains bound to the thin filament until an

ATP molecule binds to the crossbridge head to start the cycle over again.

The number of crossbridges operating determines the total force generated by a
muscle. However, the total number of crossbridges operating at a given instant is in turn
dependent on the availability of an adjacent thin filament to which the thick filament can

attach (as muscles are stretched the overlap of thick and thin filaments is progressively

reduced) and on the availability of Ca*™ to “turn on" the thin filament.

1.2 Synthetic Muscles

The svnthetic muscles considered here are activated in a manner analogous to
muscle fibers, which are activated by action potentials that travel along the nerves. Each
action potential initiates one twitch response when it reaches the muscle fiber. Greater
forces are obtained by summation in fibers if two or more action potentials arrive in
succession, or by activating simultaneously a larger number of fibers. The control of

synthetic muscle forces follows similar activation strategies.
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Figure 1.2 Peak stresses generated by muscle-like materials.

The actuator considered in this thesis contracts from changes in bulk material
properties, which limits its contractions to approximately 8% of its total length (strain). A
second limitation of the NiTi synthetic muscles is that their total lifetime, in terms of
contractions that can be obtained before degradation of their response, is shortest for
large contractions. This is a serious limitation for many, but not all applications. For
example a micro-stepping actuator moving incrementally, using for example a ratcheting
motion, can generate very great displacements, the total displacement being the sum of

small strains generated by the fiber. The latter can be small, allowing long lifetimes.



1030

01

0.018

[ ] (] | JR— [ . QO [ | ] o> -
° u ] ..- ° 1
£EL 25 28 o2 cE S22 5_sE =
Oog 9P 9= N3 Na S Eo QO
w?” 2 Ssafal Jd& 5 25
a0 w
o

Figure 1.3 Maximum strains generated by muscle-like materials.

Before starting the work on NiTi artificial muscle presented here, a review of
other actuator technologies that are in the form of contractile materials was completed
(Hunter and Lafontaine, 1992a, included in Appendix IT). The study resuits are
summarized in Figure 1.2, Figure 1.3 and Figure 1.4. As can be seen particularly in
Figure 1.2 and Figure 1.4 and Table 1 in Hunter and Lafontaine (1992a), muscle is a
rather modest actuator. Furthermore, it cannot be used as a generator to convert

mechanical energy back into electro-chemical energy. Only in some clam muscles is



there a catch state which allows it to maintain a static position without energy
expenditure. Muscles on the other hand are environmentally clean, unlike several actuator
technologies, such as the combustion engine, which release pollutants into the
atmosphere and hydraulic engines, which regularly spill oil in the environment. Electric
motors are “clean” but there is pollution created at the power plant. However, even if
muscle is a rather modest actuator, its combination of high strain, power to mass, force
per umit area, strain rate, efficiency and lifetime has been unmatched by any other
actuator technology. Any other actuator technology, in order to be successful iike muscle,

should not be overly deficient in any of those areas.

From this study of new actuator technologies two materials became of interest:
nickel-titanium (NiTi) shape memory alloys and electrically conducting polymers. NiTi
alloys have almost reached the stage of being an engineering material that can be used in
devices, although much remains to be done to improve their characteristics and
understand how they operate. Figure 1.2 lists the stresses generated by each of the new
materials considered. As can be immediately seen, NiTi fibers generate much larger
forces per unit cross-sectional area than any other actuator technology, with the possible
exception of conducting polymers (CP). NiTi fibers generate over 200 MPa, which
exceeds by 600 times the largest forces per unit area that muscles can generate. Figure
1.3 lists the maximum strains that can be achieved for the same materials as a function of
the number of cycles over which they can operate. The maximum recommended strain
for NiTi alloys is 8% (15% for monocrystals) for this property. NiTi is second only to
muscle. Figure 1.4 gives the maximum strain rates. NiTi alloys surpass by far the speeds

achieved by all other materials.
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Figure 1.4 Maximum strain rates observed in muscle-like materials.

1.3 Limitations of NiTi Shape Memory Alloys

There are numerous limitations associated with using shape memory alloys that
have to be taken into account in practical designs. One of their main shortcomings is their
low efficiency as engines converting input energy, which can be delivered in different
forms but normally results as heat in the fiber, into mechanical work. Shape memory

alloy actuators are normally activated using Joule heating by passing an electrical current
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through the fiber. In this case the efficiency is calculated as the ratio of work done by the
fiber over the input electrical energy and it is found usually to be less than 3%. There
might be in addition other losses (e.g. friction and acoustic) in the mechanism converting
the mechanical work of the fiber when it contracts into useful mechanical action.
However, there are numerous applications where efficiency is not a critical issue and
where power is readily available. Furthermore, material research may lead to more
efficient shape memory alloy actuators. Efficiencies over 5% have been measured in a
new type of shape memory alloy which undergoes martensitic transformations through

the application of a magnetic field (Ullakko et al., 1997).

The second limitation is the useful number of contractions, active or passive,
which can be achieved before the amplitude of the response decreases or failure occurs in
the material. Figure 1.5 gives estimated limits for the shape memory effect in number of
cycles from various sources. The lifetime however is also a function of the stress, which
is not specified in Figure 1.5. The number of cycles depends on several factors such as
the alloy used, the amount of strain and stress obtained in each contraction and the type
of thermo-mechanical process used to achieve the final properties of the SMA. Therefore
the numbers indicated in Figure 1.5 are only approximate guidelines and results may
differ greatly from those. This limitation can be taken into account in system designs and
circumvented in several ways. Redundancy or cycling through a number of fibers can be
used in many situations given that the fibers can generate large forces per unit area and a
number of them can be mounted in a small workspace. In many situations the cost of the
shape memory material is relatively low compared to the final cost of the system in

which they are used, and so a modular design can allow for easy replacement of the fibers
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Figure 1.5 The number of complete phase transformation cycles that NiTi alloys
will sustain before degradation of the shape memory effect or mechanical failure as
a function of strain. The lifetime is also a function of the stress, which is
unspecified, and actual results may vary considerably from those above. Data is
from: (1) Van Humbeck et al. (1991); (2) Innovative Technology International; (3)
SMA Applications Inc.; (4) Funakubo (1987).

when failure occurs. The cost of the fibers is small so that regular replacement is not

usually an important consideration in the financial balance.

A third problem that occurs in using Nili shape memory alloy fibers is the difficulty in
attaching or mounting the fiber in a mechanism. It is very difficult to bond, solder, braze
or weld NiTi fibers. The properties of the alloy depend critically on the exact relative
concentrations of each element and any slight deviation results in very different material
properties. Titanium is a highly reactive material that readily oxidizes. Soldering NiTi

fibers to other materials usually results in a brittle interface due to the migration of atoms
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at the interface or the oxidation of titanium and so joints readily break. It is possible using
CO; laser welding to join together NiTi alloys, but the technique requires a fairly large
laser power source. Clamps and screws normally used to attach metals and alloys rely on
the forces produced by the elastic deformation of the material which is normally limited
to 0.1% in most materials. Shape memory alloy materials will typically go through 8%
dimensional changes when phase transformations occur and will readily release
themselves from clamps and screws when they contract or will loosen their connection
after a few cycles due the huge stresses generated from repeated contraction and
expansion. The most commonly used technique to mount NiTi fibers consists of winding
the fiber several times around an attachment to use the capstan effect such that the fiber

tension itself increases the strength of the attachment.

A further problem with shape memory alloys is that they can be very fast when
contracting but the relaxation speed is normally limited by the rate of heat dissipation
from the fiber. The contraction process can occur in milliseconds when the fiber is
quickly heated with large current pulses. In air, however, depending on the ratio of
surface area to volume the relaxation will normally take several seconds in air. There
have been a number of robotic hands and grippers developed with shape memory alloys
but all of them are very limited in bandwidth (Iwata er al., 1988; Kuribayashi, 1986;
Mertmann et al., 1995; Nakano et al., 1984) due to the slow relaxation times. Heat
dissipation can be enhanced by designing actuators with a number of small fibers that can
dissipate heat more rapidly than larger fibers, by using water or other liquids for cooling,

or by using thermal pumps such as Peltier devices for active cooling. A significant
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contribution of this thesis deals with fibers having a fast twitch response where the

material itself is modified so that it can both contract and expand rapidly.

The response of NiTi alloys to mechanical, electrical or thermal commands is
highly nonlinear. The shape change occurs very rapidly over a very narrow temperature
range and is difficult to control precisely. There is a hysteresis typically of 15 °C to 30 °C
between the temperature at which the fiber contractv~and the temperature at which
expansion occurs. In addition, NiTi materials can go through one or two intermediate
phases between austenite and the low-temperature martensite (Beyer, 1995). Each phase
change occurs with a considerable latent heat and the martensitic transformations are
highly exothermic. In all cases they generate work when contracting but no appreciable
amount of mechanical work can be obtained from shape memory materials in the cooling
process. In cases where only small forces and displacements are required there is an
intermediate secondary phase transformation where the hysteresis is limited to
approximately 1.5 °C where continuous control is more readily achieved. One objective
of this thesis was to devise a control strategy for this particular situation. It is interesting
to note that the response of NiTi fibers to short pulses is very similar to the twitch
response of muscle fibers. Similar to muscle, precise control could be achieved in NiTi
synthetic muscles by using control strategies similar to those used by nature to control
muscles.

Because of the limitations outlined above, NiTi artificial muscle fibers are not the
ideal actuators for robotics. However there are a number of applications where NiTi

synthetic muscles are appropriate to use, in which efficiency is less important than

achieving large forces in a restrained workspace, and where the lifetime of the fiber can
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be compensated for by redundancy. These include a number of areas in medical tele-
microrobotics, virtual reality, and the automotive industry. Shape memory materials are
relatively new materials and have existed for only a short time compared to the
combustion engine or the electric motor. As material science progresses, the properties

of shape memory alloys will be improved and new ones will be developed.

New smart materials such as electrically conducting contractile polymers are one
of the more promising actuator technologies of the future (Hunter and Lafontaine, 1992a;
Madden er al., 1997) not only for robotic and micro-robotic applications but also for
energy storage, and information processing. It is also anticipated that the control issues
will be very similar for the conducting polymer and NiTi artificial muscle technologies.
Therefore any control and design advances made for NiTi devices may contribute to a

faster development of the conducting polymer technology.

Two papers are included in Appendix II and Appendix III. These papers provide
additional background material. The first one by Hunter and Lafontaine (Hunter and
Lafontaine, 1992a) compares muscle-like actuators. The second one (Lafontaine e al.,

1993) overviews some applications.

1.4 Thesis Objectives

The main objective of this thesis was to develop fast shape memory alloy
actuators. To this end, a new process has been developed to modify NiTi fibers so that
they contract and elongate rapidly. A new technique for attaching the fibers has also been

developed so that the added mass required to attach them is kept minimal. In order to
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build fast micro-mechanisms using NiTi fibers, a new 3D micro-fabrication process has
also been developed. It is also the objective of the thesis to study experimentally the
response of NiT1i fibers to large current pulses that are required to get the fast response of

NiTi fibers.

Another objective of this thesis was to look at feedback control of fibers to make
them useful for closed loop applications in micro-robotics. A systematic evaluation of

properties that are useful for control of the fibers is done.

The final objective of this thesis was to develop a prototype of a rotary motor that
could be used in automobiles. There is very little research being conducted on radically
new technologies and concepts for car rotary engines. Most of the current research in the
area consists of either replacing the combustion engine with an electric engine, improving
the combustion engine or developing a hybrid system. A possible alternative could
consist of cars using in-the-wheel rotary motors based on shape memory alloy fibers or
electrically conducting polymer actuators. In this last chapter a rotary motor actuated by

NiTi fibers is built and tested.
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Chapter 2 Shape Memory
Alloys

This chapter consists of a review of the discovery, development and applications
of NiTi alloys. The second section provides an overview of shape memory materials and
the third section consists of a literature review of previous applications of NiTi fibers in
synthetic muscle-like actuators, rotary motors, and micro-mechanisms such as pumps and
valves. The fourth section overviews some of the modeling attempts made in the past to

represent NiT'i shape memory materials in the form of fibers.

2.1 Brief History of Shape Memory Alloys

Arne Olander reported the first observation of shape memory transformation in
1932 in a gold-cadmium (Au-Cd) alloy. He described the rubbery feeling of the alloy
without actually observing the shape memory effect. Chang and Read discovered in 1951
that an alloy of gold and copper would return to its pre-deformed state when heated after
deformation. A few years later Basinski and Christian (1954) observed the same effect in
an indium-titanium alloy, as did Buehler et al. (1965) who worked with a nickel-titanium
(50% Ni, 50%T1) alloy. Otsuka and Shimizu (1970) showed that the shape memory effect
was caused by a martensite to austenite phase transition. Numerous shape-memory-alloys
(SMAs) have been studied since that time (Funakubo, 1987) with a predominant interest

in NiTi alloys.



Following the discovery of NiTi alloys, a number of attempts were made to use
them in practical applications (Duerig er al.,, 1990; Funakubo, 1987; Gilbertson, 1994).
NASA (Jackson, 1972) looked at their use for satellite antennas that would expand when
exposed to the sun. NiTi alloys were also considered for a number of temperature
controlled devices such as hot water pipe valves, greenhouse windows and automobile

fan clutches. In 1974, Page and Sawyer patented an artificial heart using NiT1i.

A number of experimental heat engines based on NiTi alloys have been developed
(Duerig et al., 1990; Funakubo, 1987; Gilbertson, 1994). R. Banks designed a sun-
powered generator that was driven by an offset crank engine that ran for millions of
cycles at 1 Hz (Zmuda, 1974). Cory invented a faster, scalable SMA thermal engine that
was on the Chinese differential pulley (Cory, J.S., 1980). A small version of this was
commercialized by the TiNi Alloy Company as the TiNi-1 Engine and it ran at 1000
RPM and generated 1 watt of power. McDonnell Douglas (McNichols, 1980) developed
a 32 W engine based on 100 50 um fibers. The rotary Banks engine developed by
Glasauer and Miiller (1996) based on NiTi fibers produced a torque of 15 N-m and

revolved at 20 RPM.

Most of the applications described above did not go beyond the research stage due
to the unreliable quality of the NiTi alloys and their low speed. In the early 1980s, Dai
Homma developed an improved process for making NiTi fibers with a very uniform
diameter and low deformation force (Gilbertson, 1994). The fibers were commercialized
by Toki under the trade name of BioMetal. Using this material, Toki and Furukawa
demonstrated many devices including a computer controlled six degrees of freedom

robotic arm.
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NiTi fibers and springs have frequently been proposed for use as artificial muscles
because of their favorable material properties, low toxicity level, bio-compatibility, and
reasonable cost (Bergamasco et al, 1989; Duerig et al, 1990a,b; Funakubo, 1987;
Galiana and Green, in press; Hirose et al., 1990, 1989a,b, 1984; Hunter ef al., 1991,
1990; Homma et al. 1989). In 1989, Oaktree Automation Inc., developed the Finger-
Spelling Hand, an anthropomorphic robotic device based on 36 NiTi actuators located in
the forearm and hand, which duplicated the motions of a human hand accurately enough
to form the characters of the sign language (Boggs, 1993). Hitachi (Nakano ef al., 1984)
has developed a robot hand with three fingers. Reynaerts and Van Brussel (1994)
developed a two-fingered hand with five degrees of freedom. Most of these devices were

too slow to be used commercially.

2.2 Shape Memory Alloys

The origin of the shape memory effect arises from martensitic transformations
(MTs). The German metallurgist Adolf Martens first discovered martensite in steels
(Van Humbeeck ef al., 1991). It was found that the transformation from the high-
temperature, body-centered cubic lattice austenitic phase to the low temperature, face-
centered tetragonal lattice occurs without atomic diffusion. Martensite is now used as a
generic name for the product of a phase change of this kind in any material, the phase
change itself being called a martensitic transformation. Such transformations are found in
many metals, alloys and compounds. Martensitic transformations are at the heart of the

shape memory effect.

Martensitic transformations can be defined as “a lattice transformation involving
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Figure 2.1 Model of the crystal structure for NiTi alloys in the austenite
phase. The crystal structure for this state is BCC as for CsCl (B2).

shearing deformation and resulting from cooperative atomic movement” (Funakubo,
1987). An alternative definition is “a displacive, Iattice-distortive, first order,
diffusionless, athermal transformation that is accompanied by a shape change in addition
to the volume change common to most phase transformations in metals and alloys” (Van
Humbeeck et al., 1991). There is a one-to-one correspondence between the lattice points
of the parent phase and the points of the martensite phase. Therefore the martensite
phase is a substitutional and interstitial solid solution, the transformation is diffusionless
and accompanied by definite shape changes. When the lattice deformation is produced it

occurs with complementary slip and twinning as described in Figure 2.4.

The crystal structure of the parent phase of NiTi alloys has a body centered cubic
(BCC) structure like CsCl (B2), Figure 2.1. The crystal structure of the martensite phase

is not fully understood. The general agreement is that of an orthorhombic crystal that has

2-4



@ i
O T

Figure 2.2 Model of the crystal structure for NiT1i alloys in the martensite
state

been strained to a monoclinic crystal as shown in Figure 2.2.

It has been known since 1965 that in NiTi alloys with a surplus of nickel or with

nickel partly replaced by cobalt or iron that a two stage martensitic transformation occurs.

The intermediate phase has a rhombohedral crystal structure. This two-phase
transformation may not occur, depending on the annealing temperature among other
factors. At high temperatures the alloy is in the martensite or parent phase. The material
employed in the studies presented in this thesis generally exhibits such two-phase

behavior.



2.2.1 The shape memory effect

As previously described, martensitic transformations occur with definite shape
changes which are micro-structural changes. When the transformation occurs, no
macroscopic change is observed in fibers having a polycrystalline structure, where
individual crystals are small and randomly orientated. However when an external force is
applied the one-way shape memory effect can be observed

Figure 2.3 describes how typically a NiTi fiber length changes with temperature
when under tension. This diagram assumes a single-phase transition. When the fiber is

above Afr (austenite finish) the entire alloy is in the austenite phase. In its high

Strain (%)

>
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=20 0 20 40 60 80 100 120
Temperature (°C)
Figure 2.3 Illustration of the one way shape memory effect in a NiTi fiber subjected
to a constant load. The fiber, first in the parent state, is cooled and it lengthens after

it passes the point where martensitic transitions occur (M;). When heated it contracts
once the martensite reverts to the austenite form, above A,.



temperature form, the fiber is at its shortest and in the parent (P) or austenitic state. As
the fiber is cooled down below the point at which the martensite starts to form (M) the
wire will start to. As the temperature drops below the “martensite finish™ temperature
(Mpy) all of the martensitic transitions are completed. If the fiber is subsequently heated
above the point where the phase transition to the austenite state starts (A;), a point will be
reached where the wire will shorten again. When the temperature reaches A¢ most of the
fiber is transformed back to the parent phase. The fiber has then returned to its original
shape and length. Normally there is hysteresis as described by the stress-strain curve.
This hysteresis consists of a true static nonlinearity with memory. The width of the
hysteresis is normally 15 to 30 °C. There is one knmown exception, namely the
rhombohedral (R) phase in NiTi fibers, for which the hysteresis is very small, on the
order of 1.5 °C, and the transformation is considered to be reversible. Unless otherwise

noted, this reversible phase is not exploited in the fibers employed in this study.

In most NiTi alloys, the shape memory effect is only observed when an external
stress is applied as in the situation described above. If there is no external stress the fiber,
which is a polycrystalline structure, would remain in its original shape and length. There
are ways to apply thermo-mechanical treatment to the fiber such that it will return to a
definite low temperature shape when cooled below My This two-way shape memory
effect is described below.

The process described in Figure 2.4 is similar to the one-way shape memory
effect. The parent phase is highly ordered as in Figure 2.4 (A). When cooled, twinned
martensite is formed, as in Figure 2.4 (C), and no shape effect occurs during cooling. If

the alloy is deformed, the martensite is un-twinned as in 2.4 (B). When heated above Mg



(C) Twinned martensite
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Figure 2.4 Illustration of the shape memory effect. In the shape memory effect
Martensitic transformations first create a twinned martensite. As the martensite is
deformed it de-twins. As it is heated again it returns to its parent phase.

the alloy returns to the highly ordered state in 2.4 (A), and contracts.

2.2.2 Kinetics

There are two main types of martensitic transformations: thermoelastic
transformations and non-thermoelastic transformations. In non-thermoelastic

transformations martensite crystals appear in the parent phase and develop at about one
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third the speed of sound in the material. The transformation proceeds by nucleating new
crystals in the parent phase. Once a crystal is nucleated, it does not change shape with

time or temperature.

In thermoelastic transformations, once a martensite crystal is nucleated it grows at
a velocity proportional to the cooling rate when the temperature decreases. The crystal
growth can be observed under a microscope. When the temperature increases, the crystals
shrink until they disappear. Nickel-Titanium alloys undergo thermoelastic
transformations and it is normally assumed (Otsuka and Shimizu, 1970) that these

transformations occur very rapidly in time.

2.2.3 Two-way shape memory effect

We have described the shape memory effect normally referred to as the one-way
shape memory effect, in which only one shape is “remembered”. There is also a two-way
shape memory effect (TWSM) first reported by Delaey ef al. m 1975 in which two shapes
are “remembered”, one at a high temperature and another one at a low temperature
(Delaey et al., 1975). In fact the material “remembers™ all of the intermediate shapes
between the low and high temperatures. In the one-way shape memory effect described
above a force was required to deform the material at low temperature. In the TWSM no
such force is required. However the strain that can be achieved and the mechanical work
that can be produced with cooling are minimal in the sample in the TWSM. Special
conditioning is required to achieve the TWSM; in particular thermo-mechanical treatment
is required.

The origin of the TWSM is stress-biased martensite, which remains in the
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austenite in the high temperature phase. There are several training routines that can be

applied to introduce the TWSM. These methods can be summarized as following (Duerig

et al., 1990):

1.

The sample is cooled below M; and deformed well above the usual strain limit for
complete recovery of the shape effect. When heated above A¢ it will not return
completely to its initial state. However, when cooled again below My the alloy will
move back toward the overstrained shape.

The sample is submitted several times (5 to 10 times) to the normal cycle of cooling
below Mg, deforming it (within the strain limit for full recovery of the shape memory
effect), and subsequently heated again above A¢. After a number of these cycles the
alloy spontaneously returns below M¢ towards the deformed state at low temperature.
The spontaneous shape change on cooling is only 20-25% of the training strain.
Another method consists of repeatedly loading and unloading the sample above As
but below My where the superelasticity effect is expected. After a number of such
cycles, typically S to 10, the TWSM is displayed. The spontaneous change in strain in
the TWSM is here again only a small fraction of the training strain.

One of the most effective techniques combines the above two methods. The alloy is
deformed above A¢to induce martensitic transformations, then cooled below My while
maintaining the induced strain, and then heated up to recover the original shape. This
procedure needs to be repeated a number of times.

The most commonly used method to obtain the TWSM consists of deforming the

sample below Mr to produce a stress-biased martensitic microstructure. Then the
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sample is constrained in the deformed low-temperature shape and heated above Ag

This method is relatively simple and straightforward to carry out.

2.2.4 Superelasticity

Figure 2.5 gives the stress-strain curve when the temperature is below M. It also
illustrates the shape memory effect. The fiber can be stretched and after the stress is
released a large amount of residual strain remains in the alloy. However after heating it
returns to its initial state. The stress-strain curve is similar when the temperature is

between Mrand A; but a higher stress is obtained for the same deformation.
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Figure 2.8 The stress strain curve is shown when the temperature is below Mf . The
shape memory effect is also illustrated by dotted lines indicating the effect of heating.

Figure 2.6 displays the stress-strain relationship above A¢. The first part of the
stress-strain curve is linear and the slope corresponds to the modulus of elasticity of the
austenitic phase. As the strain is increased a plateau is suddenly reached. The fiber can

then be stretched by as much as 6% with only a small increase in stress. Then the stress-
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strain increases again. On releasing the stress a similar plateau is traversed in the
opposite direction at a lower stress. As show in Figure 2.6 the fiber recovers completely

from the applied stress. This nonlinear elasticity by which the fibers can be cycled
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Figure 2.6 Stress-Strain curve of superelastic NiTi fiber.

reversibly to stretches as large as 7%, from which it recovers completely, is referred to as
pseudoelasticity or superelasticity. As will be explained in section 2.4 the plateau

corresponds to stress induced martensitic transformations.

2.3 Physical Properties of Shape Memory Alloy Phases

Each phase in a shape memory alloy has its own unique physical characteristics.
Martensitic transformations are associated with changes in quantities such as resistivity,
thermal conductivity, the modulus of elasticity, damping coefficient, magnetic
susceptibility, and so on. Table 2.1 lists the various characteristics and physical

parameters that normally differ in each phase. Each phase transition also has its own
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unique characteristics. Phase transitions can be of the first or second order. They have
their own characteristic latent heat and acoustic emission as well.

The acoustic emission that occurs concomitantly with phase transformations is a
broadband noise that extends from low frequencies to ultrasound (Duerig, 1990). It can
be used to detect the phase transformation and some of its characteristics, but it is

difficult to use as a quantitative parameter to characterize the alloy.

Hardness Roughness

Velocity of sound Thermal expansion
Young modulus Yield strength
Internal friction Damping

Magnetic permeability Resistivity
Thermoelectric power Electromotive force
Latent heat of transformation | Thermal conductivity
Heat capacity Hall coefficient
Poisson ratio Density

Electron density waves Lattice spacing

Table 2.1 List of physical properties that change with the phase in shape memory alloys.

2.3.1 Resistivity

Of the variables listed in Table 2.1, resistance is one of the easiest to measure, and
is often used to study phase transitions in shape memory alloys. From the resistance and
physical dimensions of the sample being characterized it is normally straightforward to
determine resistivity. If there are dimensional changes that occur with the phase transition
then it is important to take them into account. The Association Frangaise de
Normalisation (1991) defines phase transistion temperatures based on resistivity

measurements as described below.
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In the case of NiTi based alloys, the resistivity is high (0.5 to 1.1 uQ-m)
compared to that of copper (0.017 pQ-m ) and the resistance of fibers is readily
measured. The electrical resistivity of copper based alloys is considerably lower than
NiTi based alloys (Cu-Zn-Al: 0.07 to 0.12 pQ-m, Cu-Al-Ni: 0.1 to 0.14 pQ-m) and is
somewhat more difficult to measure. In all cases the changes in resistance being
measured are relatively small, on the order of 15%, and 4 wire resistivity measurements

must be made.

The measurement of resistivity provides a qualitative description of phase
transformations. It has been used (Ikuta er al., 1991) as a state variable in real-time
control mechanisms to determine the actual state of a NiTi fiber. However caution must
be exercised as the resistivity-temperature curves vary markedly with thermal cycling
history (Funakubo, 1987). NiTi alloys with R-phase exhibit complex resistivity changes
with temperature as three phases may simultaneously coexist (Riva and Airoldi, 1995).
Other NiTi based alloys may even have 2 or more intermediate phases (see Section

2.3.2).

Unfortunately a fair amount of confusion exists on resistivity in the literature.
The experimental conditions under which resistivity is measured are rarely described, and
what is typically measured is the resistance of a straight or coiled fiber. Either the
percentage change in resistance is given with respect to a resistance at a given
temperature or resistivity is obtained from the length and area of the fiber at room
temperature. Dimensional changes are almost never measured with temperature and

martensitic phase changes.
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Figure 2.7 Resistivity curve diagram with one phase transition. The hysteresis is well
defined. In NiTi alloys there can be intermediate phases that complicate the diagram.

The change in resistivity with temperature can be sketched as shown in Figure
2.7 for a Cu-Zn-Al-Ni alloy. Above A¢ (Austenitic finish), the sample is in the parent
phase, and the quasi-linear increase of resistivity with temperature is observed. At
temperatures below My (Martensitic finish) the resistivity is that of the martensitic form,
and the linear increase in resistivity with temperature is observed. Therefore if p, is the
resistivity in the parent phase and py is the resistivity in the martensitic phase, we can

write as a first order approximation:
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P(T) = py(To) + Co(T-To), @.1)

Pu(T) = pu(To) + Cru-(T-To). 22)

When going from A (Austenitic start) to Aror from M; (Martensitic start) to M¢
large nonlinear changes can be observed with temperature. The “law of partial fractions”

can express these:

P =Rupm + Rp-pp. (2.3)

Conversely, the resistivity plot can be used to estimate the various transition
temperatures: A;, Ag M;, M. This is done by drawing the lines described by estimating
the four coefficients of equations (2.1) and (2.2). The two additional lines are drawn:

P10o(T) = (0.9-pp+0.1-pm))-(To) + (0.9-Co+0.1-Cm)«(T-To), (2.4)
Peo(T) =(0.1-pp+0.9-pm))-(To) + (0.1-C+0.9-Cm)-(T-To) (2.5)

A; is estimated from the intersection of the peo(T) line and the curve ascending in

temperature, while A¢ is found from the intersection of pio and the resistivity curve.

Similarly M; is found from the intersection of p;o and the resistivity curve corresponding

to decreasing temperatures, and My is found from the intersection with the line.

2.3.2 Intermediate phases

In fully annealed binary NiTi alloys the B, parent phase transforms directly to the

Bis' monoclinic-phase. Recent advances in the study of martensitic transformations of
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NiTi alloys indicate that there are two possible intermediate phases that may be formed.
In binary NiTi alloys which have been subjected to thermo-mechanical treatment or
thermally cycled, a two step transformation occurs: B, parent phase — trigonal R-phase
— Bjg- monoclinic phase (Beyer, 1995). Addition of a third element such as Cu or Pd can
result in a different two-step transformation from B2 — B,y orthorombic — By
monoclinic phase. Therefore the possible transformations include all of the following
possibilities (Beyer, 1995):

1. Bj(body cubic centered) —B,y- (monoclinic),

2. B; »>R-phase (rhombohedral) -B o,

3. B; —orthorombic B,y —By-,

4. B:; -»R-phase 5B;3 »Byo- .

In NiTi alloys with nickel exceeding 50.5 at % (percent atomic ratio) the parent
phase slowly decomposes with slow cooling or aging at lower temperatures (after
quenching from high temperatures). The process involves two metastable phases Ti3;Nis
and Ti;Ni; and the stable TiNi3. The Ti;Nis is important for the all-around shape memory

effect. A three-step transformation is also possible: B, & R — Bj9— Bjo.

In NiTi alloys undergoing the R-phase, resistivity curves are more complex to
interpret. Figure 2.8 illustrates the resistivity in a NiT'i alloy that displays an intermediate
R-phase. As the temperature cools down and point 1 is reached the R-phase starts to
appear. The resistance of the R-phase is much larger than for any other phase. With
further cooling when point “2” is reached the orthorhombic martensite appears and the

resistance falls until point 3. At that point all of the R-phase has been transformed.
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Figure 2.8 Resistivity curve of a NiTi alloy exhibiting one intermediate phase
between the M-Phase and the R-phase. One or two intermediate phases may
appear in NiT1 alloys.

When the specimen is heated above point 4, part of the martensite transforms itself in the
intermediate state. The two coexist until point 5 where most of the sample consists of the
R-phase and then after point 6 the parent phase has been restored. The transformation
P —R is almost completely reversible, and is associated with an hysteresis in the order of

1.5 °C only.

The resistivity curves measured in this thesis were all acquired for NiTi alloys
under no tension. As a consequence there were only negligible changes in either the
length or the diameter of the fiber.

The R-phase has been known to occur in NiTi alloys with a surplus of Ni or
where Ni has been replaced with a third element (such as Fe or Co). Dautobich and

Purder (1965) first reported the appearance of the R-phase. This intermediate phase
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appears when the NiTi alloy is annealed at a low temperature, which is between 300 °C
and 550 °C.

Study of the transformation phases using differential scanning calorimetry (DSC)
shows that the inverse transformation from the martensitic phase to the parent phase may
occur with one or two peaks. Thus the martensite can transform directly to the austenite
phase without going through the R-phase (Jordan et al., 1995).

The presence of the R-phase is also affected by cold working. The R-phase will
occur when the martensitic transformations are suppressed relative to the R-phase. This is
normally achieved in three possible ways:

1. The introduction of dislocations by cold-working the alloy, followed by low-
temperature annealing.

2. The introduction of precipitates in the solution and subsequently aging an alloy rich
in N1 at low temperatures.

3. The addition of a third element that suppresses the martensitic transformations (e.g.
Fe or Al).

The recoverable strain from the R-phase is limited to approximately 1%.
Although this is small, it is extremely useful for accurate thermal actuators given its
reversibility. It can readily be used in proportional control devices since its hysteresis is
under two degrees. Furthermore the stress-strain curve is highly stable under cycling for a

million cycles or more.
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2.3.3 Thermoelectric effect

The parent and martensite phases have different thermoelectric potentials.
Therefore if a shape memory alloy fiber is clamped at its ends to two metallic reference
connectors and a temperature difference is maintained between the two connectors, a
potential difference will be recorded which is a function of the temperature difference.
The thermoelectric power of NiTi has been reported by Wasilewski et al (1967) and by
Hanlon et al. (1967). The usual technique to measure the thermoelectric effect consists of
using two metal blocks of the same metal and fixing the sample between the two blocks.
One block is maintained at a reference temperature and the temperature of the second
block is varied. The potential is then recorded as a function of the temperature difference.
Plots of the thermoelectric effect versus temperature are similar to those of resistivity and

the interpretation is the same.

2.4 Thermodynamics

If Ty is the temperature at which the chemical free energy of the P phase and M
phase are equal, the alloy must be supercooled below T, before martensitic transitions
start to occur. In other words the transformation requires an excess of non-chemical free
energy such as strain energy and interface energy for the transformation to begin
Similarly a driving force is also required for the reverse transformation to occur. If we
assume cylindrical crystals with a radius, r, and a thickness, t, change in chemical free
energy density, Ag., and A(tr) is the elastic strain energy per unit volume, the total

energy change due to nucleation is:

AG = TAAgARTA. (2.6)
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When reaching M; the first term on the right will exceed the second term and the
crystal will grow. However the crystal will grow even if the temperature is above M; as

shown by the superelastic effect. This occurs because an applied stress contributes to the
nucleation of the M crystals. If AG®(c) is the amount of energy introduced by a stress o,
nucleation will start when the first term on the right of Equation 2.6 is now:

nrtAg. =AG>(o)-nr?A. Q.7
The transformation will start at a higher temperature, which is a function of the applied
stress. In fact the transformation temperatures follow the Clausius-Clapeyron equation
(Duerig et al., 1990):

dP/dT = AH/TAV, 2.8)
where P is the pressure, T is the temperature, AH is the transformation latent heat and AV
is the transformation volume change. For metallurgical purposes the equation can be
rewritten as:

do/dM = -AH/T%y, 2.9
where o is the applied stress, M; is the shifted temperature and g is the strain. Therefore

the transition temperatures will normally vary almost linearly with the applied stress.

2.5 Latent Heat, Specific Heat and Efficiency

Associated with each phase transformation is a corresponding latent heat, specific
heat, and also thermal conductivity. Appendix IV lists values for both the latent heat and
specific heat. The specific heat of transformation for NiTi is 31.5 klJ/kg (Funakubo,
1987). For NiTi with an intermediate R-phase, (Ti-51 at % Ni) the specific heat for the

transformation from the low temperature martensite to the high temperature is 24.3, and
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for the intermediate phase to high-temperature it is 6.43 kJ/kg. Those have been
measured for most alloys by differential scanning calorimetry (DSC). For Nig7sTisoFes s
alloys they have been found to be 7.79 kJ/kg for the II->] transformation and 15.5 kJ/kg

for the III->II transformation. The specific heat (Qw) is 837 J/kg/°C.

Values for the latent and specific heat can be used to calculate the amount of
energy required for a transformation to occur. They can give some estimates for the
efficiency and energy required to produce a contraction. Given the resistivity diagram for
the NiTi material used in this thesis, the fiber is in the R-phase at room temperature (20°
C). A stress of approximately 50 MPa starts to induce martensitic transformations. If a
100 MPa stress is applied, the stress induced change in transition temperature would raise
M; by 23 °C (Ikuta, 1990), which would introduce stress induced martensitic
transformations. M is raised from 5 °C to 28 °C and A¢ from 70 °C to 93 °C. In order to
contract the fiber the temperature must be raised from room temperature to Ag which is
near 73 °C. The amount of energy, W, in Joules, required for this is equal to:

Wi = Qm(ArT), (2.8)

W, =61 kl/kg. 2.9)
Next an amount of energy W equal to the latent heat must be supplied:

W, = (24.3+6.4) kl/kg. (2.10)
Therefore the total amount of energy, W, to produce a contraction would be:

W =91.8 kJ/kg/cycle. (2.11)
If we assume the fiber dimensions to be 100 mm in length, L, and with a diameter, d, of
250 um, and given a density of 6,450 kg/m’, the weight, @, of the fiber would be:

o = (nd*/4)xLx(6450 kg/m’) = 31.6 ug, (2.12)
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and the amount of energy in Joules to contract the fiber is:

W =91.8 kl/kg x 0.0316x10° kg =2.9 J. (2.13)
Next if we assume that the fiber contracts by 5% at SN (100 MPa) the mechanical work,
Whn done is:

Wa=Fd=25mJ (2.19)
The efficiency in this case is 24 mJ/2.8 J = 0.8%.

This is a theoretical example. However values are quite close to those obtained in

laboratory tests (Gilbertson 1994; Lafontaine ef al., to be published, appended to chapter

4) and it demonstrates the origin of the low efficiency of the fibers quite well

2.6 Applications of NiTi Shape Memory Alloys

Shape memory alloys have been used in a number of fields, such as medicine,
electronics and textiles. Table 2.2 describes past applications or prototypes that have been
built with SMA’s (Duerig et al., 1990, Funakubo, 1987, Patoor and Berveiller, 1994,

Van Humbeeck, 1992, Weynant et al., 1993).

NiTi alloys have been used in preference to other shape memory alloys in
industrial applications because of their larger recovery strain and stress, their longer
repetition life, their excellent resistance to corrosion, and relatively low cost. They have a
very good bio-compatibility but in-situ applications in medicine are restricted by the slow

diffusion of nickel which is highly cytotoxic (Funakubo, 1987).
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Field

Application

Electronic Equipment

Circuit breakers

Zero force insertion connectors (ZIF)
Memory clements

Disk-drive heads

Pen recorder

Cell phones antennas

Automotive

Head lights actuation
Noise reduction (damping)
Radiator thermostat

Arts

Moving sculptures

Home and Textile

Circuit breakers (coffee makers, etc.)
Underwire bra

Permanent press shirts

Air conditioners (louver actuation)
Toys, ashtrays, etc.

Ashtrays (low hot cigarette butts)
Eyeglass frames

Food

Temperature extrema marker (thermomarker)

Smart Materials

Composite materials, building dampers

Robotics

Robotic actuators (grippers, arms, hands)
Sealing ring
Actuator for camera

Machinery

Pipe joints
Fixation mechanisms
Valves

Medicine

Artificial joins, spines

Vascular, esophageal and biliary stents
Artificial heart

Micro-pumps

Guide wires for catheters

Guidepins, localization hooks
Actuated catheters

Mammelak breast hook

Blood clot filter

Dentistry

Orthodontic wires

Space

Antenna releasing system
Release mechanism and bolts
Vibration damping during launching

Photography

Shutter mechanism for telescope CCDs.

Security Systems

Fire alarm and extinction actuators
Anti-scald device
Gas-valve lock

Table 2.2 — Applications of Shape Memory Materials
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2.6.1 Muscle-like actuators

A number of robot limbs have been constructed using NiTi fibers. For example,
Hitachi has produced a robot hand (Nakano ef al., 1984), and Homma et al. (1989) have
built a small 5 degree-of-freedom robot arm. Bergamasco ef al. (1989) have described
experiments using an agonist-antagonist NiTi actuator for robotic applications. A NiTi

actuated worm-like endoscope has been built (Hirose ef al., 1990; Ikuta et al., 1988).

A number of robotic end effectors were built (Stoddard and Schiferl, 1986;
Reynaerts, 1991). Iwata et al. (1988) developed a four fingered “anemone-like” gripper
for space applications, and more recently Mertmann et al. (1995) have built a flexible
robotic gripper. While the developments to date have been impressive, a major problem
with all current SMA-based robot actuator designs is that the total contraction and

relaxation time is slower than muscle and most electromagnetic actuators.

Many applications of NiT1i use the fibers wound in the form of a coil spring. The
maximum shear strain is usually limited to 1% to avoid fatigue (Tamura and Suzuki,
1988). For applications requiring rotation (e.g., robotic limbs) the two NiTi coil springs
are often attached to a circular pulley to form an agonist-antagonist pair. A problem with
this design is that as the NiTi spring shortens, the force it generates, and hence the torque
delivered by the joint, varies. Recently, Hirose et al. (1989) have proposed a non-circular
pulley that is designed to enable the maximum generated torque to be held constant with
rotation. Van Moorleghem discusses other applications based on SMA springs, including

a robotic finger actuator, a micro-actuator and a space gripper actuator.

Mertmann et al. (1995) used a different approach in designing flexible robotic

grippers where the NiTi fiber was imbedded in a flexible silicone matrix with a steel leaf
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spring to provide a restoring force. The robotic hand included four fingers made from
these grippers.

More recently Grant and Hayward (1995, 1997) developed a high-strain NiTi
actuator for robotic applications and used it to control a camera platform. The main
originality of the actuator came from the weaving geometry of a NiTi mesh that provided

a mechanical gain to amplify the limited displacements of the NiTi fibers.

2.6.2 Miniature actuators

Ikuta (1990) has developed a small (30 mm x 40 mm x 14 mm, 27 g) gripper
having NiTi coil spring actuators (I mm diameter coil, 0.2 mm diameter fiber). The
gripper response time is >700 ms. An innovation in this work (see also Ikuta er al., 1988)
is the use of the change in resistance (which accompanies the martensite to autenite

transformation) to control the NiTi directly.

2.6.3 Valves

Kohl er al. (1995) have developed prototypes of membrane microvalves using
microstructures made from 157 um NiTi sheets, reduced by HF and HNO;, and cut with
a Nd-YAG laser or electrolytic photoetching. The NiTi sheets displayed an R-phase upon
cooling but returned directly to the parent phase on heating. For their tests, only the R-
phase transformation was used which resulted in a very low hysteresis. An array of eight
NiTi beam-cantilever devices of 1.5 mm in length, 0.1 mm in width and 0.15 mm thick

were used to realize the first microvalve. These devices controlled the deflection of a
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polyimide membrane on a valve chamber, which was biased by an external pressure.

The TiNi Alloy Company (San Leandro, CA) also fabricates thin film shape
memory alloy minivalves ranging between 0.1 to 10 mm in size. These valves are
fabricated with micromachining and microelectronic processes and materials. They are
proportional control valves where the flow, of up to 1 liter per minute, is almost

proportional to the current used to control the valve,

2.7 Models of NiTi actuators

There have been a very large number of models developed in the literature to
simulate the electro-mechanical and thermodynamic response of NiTi shape memory
fibers. They fall in the following categories: (1) models of the thermodynamics of
martensitic transformations (Achenbach, 1989; Gillet et al., 1995; Miller, 1995;
Lexcellent et al.,, 1993; McNichols, J.L. (1987); Thuillier ef al., 1995), (2) development
of the constitutive equations and solution by finite element modeling of the stress-strain
cuves of springs and and fibers (Patoor and Berveiller, 1994; Trochu and Yuan-Yao,
1997; Leclercq et al., 1996), (3) models of hysteresis including Preisach models
developed for the ferromagnetic magnetization curve (Hugues and Wen, 1995;
Likhachev, 1995), (4) electro-thermo-mechanical models representing the bulk properties
for control purposes (Ikuta, 1990; Ikuta ef al., 1991; Ikuta et al., 1988; Liang and Robers,

1992; Malygin, 1993).
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What is more relevant to fast shape memory actuators are lumped models that are
simple and efficient to use for real-time control purposes. For simulation of mechanisms
Ikuta et al. (1990, 1991) developed one of the most complete models to date. The
“variable sub-layer model” includes either 2 layers or three layers when there are
intermediate R-phase transformations. The model includes the heat transfer function of
the fiber, the hysteresis in the phase transformation, the nonlinear stress-strain
relationship of the martensitic and rhombohedral phase, and the thermoelastic
transformation including the stress dependence of the transformation temperatures.
However Ikuta did not properly apply the variable sublayer model to calculate changes in
resistance. While in a variable sublayer model the resistances of the various layers are
effectively in parallel, he added the resistances to represent the total resistivity of the wire
as if the layers were in series. As shown in Figure 2.9, the currents of the different

sublayers add. Given a voltage V, the total current will be:

I =V-Ay/(L-pp) + V-A/(L-pi) + V-A/(L-Pa), 2.15

Figure 2.9 Variable sublayer model
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where p,, pi and pm are the resistivities of the parent (austenite), intermediate (R) and
martensite phases, L is the length of the sub-layer, V the voltage, I the total current, A,,
A; and A, are the respective areas of the parent, intermediate and martensite phases.
However the ratios of the different areas, A;, A; and An to the total area A are the same
as the fractions of the respective phases (by volume, or weight given that the densities of
the various phases do not differ markedly). Assuming that x; is the fraction in the

intermediate phase and x,, the fraction in the martensite phase, we get:

/R = (A/L)-( (1-Xi — Xm)/ Pp + Xi/Pi + XavPm)- 2.16
Or if &}, ©i, and om are the conductivities of the parent, intermediate and martensite
phases we get:

1/R =(A/L)-(1 - Xi - Xp)-Cp + X;*Oj + Xm"Om). 2.17
In other words, the variable sublayer model predicts that the additive rule of mixing in

solids should apply to the conductivities and not the resistivities (like they apply to

stiffness but not compliance).

More recently Lu (1997) improved the parallel two-layer model of Ikuta’s
variable sub-layer model to incorporate the temperature-current relationship of the NiTi
fibers and improved the representation of the hysteresis that occurs in the martensitic

transformations.

2.8 Conclusion

Three documents are included to complement the material given in this chapter.

The first one (Appendix I) is a U.S. patent entitled “Shape memory alloy having fast
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twitch response”™ (#5,092,901) which describes the process for creating NiTi fibers with a
fast twitch response. Normally NiTi fibers will contract very rapidly. The rate at which
they can be heated and the speed of sound in NiTi mainly limits the rate at which they
contract. However they take a long time to elongate back to the original length. As will
be shown in chapter 4, we have developed a process that modifies NiTi fibers so that they
can contract and elongate more quickly. In addition fibers that are modified with this
process have a strong two-way shape memory effect.

The second document (Appendix II) is a conference paper by Hunter and
Lafontaine (1992a) that reviews artificial muscle actuators. The content of the paper is
briefly summarized at the beginning of this chapter.

The third document (Appendix III) is a conference abstract that describes some of

the research projects related to NiTi alloys.
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Chapter 3 Growing and

Attaching NiTi fibers

The main technical difficulties in bringing NiT1i artificial muscle fibers to real

engineering applications have been described in the Introduction. The difficulties are also

outlined in Funakubo (1987) and are:

1.

SMA'’s can actively contract and expand by 2 to 8%, while typically appropriate
contact materials are limited to 0.2%. (In particular, for the case of fibers activated by
current pulses, metals are sought as joining materials because of their combination of
high stiffness and conductivity.) Hence even if SMA’s can be clamped, they normally
will easily free themselves.
The properties of shape memory alloys critically depend on the exact ratio of
elements, nickel and titanium in the case of NiTi alloys. Even a slight deviation from
the required stoichiometric ratio can lead to a brittle material. In brazing an alloy
formation occurs between the braze and the substrate. Therefore brazing usually does
not work well because of the brittle interface formed at the surface of the NiTi alloy.
Titanium is a highly reactive material that readily oxidizes. A clean surface oxidizes
in air in less than a second. Many operations require working in an inert gas.
Otherwise, a titanium oxide layer rapidly forms at the surface of the fiber and

prevents fluxes from wetting the surface and the solder from flowing.
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4. The capstan effect can be used to effectively attach NiT1 alloys. In this case as the
tension builds in the fiber it further tightens inner loops of NiTi fiber which then hoid
better in place. However in many applications the fiber expands rapidly and becomes
loose. Therefore some additional mechanisms must be used to prevent it from
unwinding when it expands. Furthermore a capstan tends to consume a large amount
of space and mass relative to the fibers it holds.

5. Itis impossible to glue, cement or bond NiTi alloys. After a few cycles of contraction
and expansion they will crack and fracture all known adhesives.

6. When a NiTi alloy is heated well above its temperature Ag its shape memory effect or
superelastic effect is normally lost. It is therefore difficult to use any high
temperature process to join them. Welding, brazing or soldering involves heating the
NiTi alloys whose properties end up being severely degraded. Brazing can be
effective however in joining two NiTi alloys, providing of course that the shape
memory effect is not lost, because diffusion of metal atoms between parts does not
change the net stochiometry. Hence embrittlement is not an insurmountable problem.

Soldering when used in electrical devices is only safe for electrical connections,
components having to be mechanically held in place by some other means. Otherwise,
soldered joints fail if subjected to cycling stresses. Therefore soldering as a means to

hold electrical wires for example is not allowed by industry standards.

It is also difficult to effectively make use of NiTi in micro-mechanical parts.
Such parts are becoming increasingly popular as micro-switches and sensors (e.g. airbag
accelerometers). The most widely known and used micro-fabrication techniques are

based on silicon lithography or related methods such as LIGA (a German acronymn



Lithographie-Galvanofurmung-Abformung, meaning lithography, electrodeposition and
molding). They allow fabricating only parts in two dimensions with thickness. They are
also restricted to a few materials such as silicon and gallium arsenide, and do not lend
themselves to micro-fabrication using metals, although LIGA allows fabricating 2D parts
with a high aspect ratio from nickel. Three-dimensional structures can often be built by
stacking 2D layers but applications of this technique are limited. If for example it was

required to build a hollow sphere none of these techniques would allow it.

We have included a U.S. patent application with this chapter that addresses the
first issue. It is a new process that allows mechanical and or electrical attachment to NiTi
alloys. This process is currently patent pending. The second document included with this
Chapter is U.S. patent #5,641,391 entitled “Three dimensional microfabrication by
localized electrodeposition and etching”. This latter U.S. patent addresses directly the
issue of microfabrication. The two processes are fully compatible with each other, so that
NiTi alloys can be joined with the first process to micro-structures or micro-mechanisms

formed with the second process, all in one combined apparatus.

3.1 Joining NiTi alloys

The technique for joining NiTi alloys is described in the US Patent application
entitled “Method for joining mechanically and electrically parts made from NiTi shape
memory alloys and other materials that are not readily joined together with conventional

techniques™.

Fibers may either be joined together by an electrodeposit, in which case they are



placed in close proximity in an electrochemical bath, and a plating potential is applied to
both, or a layer of material is grown onto the fiber which can then be connected to using
traditional joining methods. The technique developed to join NiTi alloys can be
summarized as follows: (1) the shape memory effect is inhibited or destroyed locally on
all areas where the fiber or fibers need to be joined (heating the fiber for example); (2)
the surfaces are cleaned; (3) some areas may be protected using an insulating material
painted or applied otherwise on the surfaces; (4) the fibers are positioned in a specially
shaped electrolytic bath in order to maximize the current density where joining is
required; (5) the metal or other substance that can be electrodeposited is formed
electrolytically by passing a current between an appropriate anode and the fibers which

are all electrically connected together as cathodes.

The process normally involves deposition of a thickness comparable to the
thickness of the fiber or fibers to be joined. The current may also be reversed to etch
certain areas as well. Etching and depositing can also be repeated until the desired result

is obtained.

3.2 Spatially Confined Electrodeposition

We have developed a new process based on spatially confined electrodeposition
(SCED) to build 3D components and structures. The technique has been demonstrated on
objects such as a spring, which would be impossible to build with LIGA or silicon
photolithography. The process was designed to fabricate objects by electrodeposition and

also to machine parts by electrochemically etching material. The process is described in
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the US Patent 5,641,391.

The technique cannot be used to directly form NiTi alloys with sufficiently high
Ti content to demonstrate the shape memory effect, and fibers will have to be fabricated
using conventional techniques. However the two processes are inherently compatible and
SCED could be used to form metal around the fibers to be mounted in a micro-
mechanism fabricated with SCED. In other words, metals, such as Ni, and conducting
polymers, such as polypyrrole and polyaniline, could be grown directly onto fibers, and

in arbitrary geometries, forming micro-devices.

3.3 Results

Figure 3.1 is a photograph of a NiTli fiber, which has been “grown”
electrolytically at both ends (only one is shown). The fiber was mounted for mechanical
testing by soldering the nickel ends to hollow hexagonal rods. None of the fibers tested in
this manner failed at normal operating stress levels (<200 Mpa). This technique allows
dynamic measurements at high frequencies since the added mass of the nickel is small
compared to the total mass of the fiber. If other means of clamping the fibers are used,
their mass is so large that it must be included in a lengthy calibration procedure to get at
the dynamics of the fiber. Other groups (e.g. Hall, 1993) have tried electroplating and
soldering the plated fibers but the results were not satisfactory. In our tests the fibers
often broke before the joints, and the joints typically failed at stresses greater than 500

MPa.



Figure 3.1 NiTi fiber grown at one end for attachment.

Figure 3.2 The fibers at the top were embedded together in
copper using electrodeposition. The fibers at the bottom form a
copper-constantan thermocouple.

Figure 3.2 illustrates another application of the process. In this case a copper wire
has been directly joined to a NiTi fiber using copper electrodeposition. In this way the
thermocouple effect can be directly recorded from the two pieces. It is the only known

technique that allows the creation of a NiTi thermocouple having a very small volume.
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Figure 3.3 Example of a NiTi fiber first twisted in a loop and subsequently fixed
in place by coating the fiber in electrodeposited nickel.

Otherwise the two pieces must be attached together to metal blocks that have intrinsically
a very long thermal equilibrium time.

Figure 3.3 gives one more illustration of the process. In this case the fiber was
wrapped around itself to make a loop at the end. It was subsequently coated in a nickel
sulfamate bath for embedding the loop in nickel. Although it is difficult to see in this
picture a copper wire was soldered to the loop at the bottom left for electrical stimulation.

The unevenness of the nickel layer was caused by an excessively large deposition rate.

3.4 Conclusions

The new technique employing electrodeposition to grow mechanical attachments

has been extremely useful for most measurements in this thesis and should prove
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invaluable to applications in general. It is novel in that a step is used to remove locally
the shape memory effect and in that a large thickness of deposited material is used.
Electrodeposition has been used in the past to make electrical connections to NiTi parts.
However this has not been successfully used for mechanical attachments because the
deposited material fails after a few cycles as the NiTi part goes through the expansion
and contraction associated with phase transitions. This has never been the case for the

electrodeposition method reported here.

The main disadvantage of this technique is that few metals have the exact
mechanical characteristics of NiTi alloys. Nickel for example is much stiffer than NiTi.
As a result if stresses are not in line and if the forces generated at the point of junction
with the nickel generate points of concentration of stresses, then the NiTi fiber will break

earlier than normally expected.

Although full characterization has not been done, the force at which the nickel
interface detached from the NiTi fiber was in some tests 27 N for a 250 um fiber, which
corresponds to a 540 MPa stress. Although not as high as the yield stress of NiTi fiber,
this is still 2.7 times higher than the maximum recommended stress for this fiber size in
normal applications. Methods have also been reported to directly electrodeposit onto
fibers parts of arbritrary geometry. This ability could lead to the development of many
novel electromechanical parts. This technique has been used extensively to test the
mechanical properties of NiTi fibers (see chapter 4) and in our experiments none of the

joints ever failed.
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Background of Invention

1. Field of Invention

The present invention relates to an electrodeposition process whereby 2
part of a mechanical or electrical component is grown directly on a shape
memory alloy component. Conventional techniquas can then be used to join or
mount the resulting part by joining to the electrodeposited material. This
process can include also etching and machining o obrain the desired shape of
the firal product. The present inveation consists also of a technique to join
several discrete parts together when one or more part must be made from a
shape memory alloy. For this purpose electrodeposition is done
simultancously on two or more parts until they are joined by the
electrodeposited material.

The invention was first conceived and put to practice by the two inventors
in June 1994 and subsequently continuously improved and developed. This
documeat describes the concept and development to date.

2. Description of Prior Art

Shape Memory Alloys® (SMA), such as NiTi alloys, cousist of a
class of materials which undergo diffusionless martensitic
transformations accompanied by definite shape changes. The shape
memory effect occurs when a SMA alloy which is deformed in the
Martensite temperature range returns to its original undeformed
shape when heated above the Martensite inverse transformation
temperature and returns to its Parent (austenitic) phase. The
superelasticity effect is one of stress induced martensitic
transformations. The material is deformed in its Aastenite
temperature range and internal stresses in the material cause
martensitic transformations which are associated with large elastic
deformations. These deformations are typically at least an order of
magnitude greater than what would be expected from thermal
expansion over the applied range of temperature or the maximum
elastic deformation in a metal.

Wires made from NiTi shape memory alloys, often referred to as
muscle wires, can contract by as much as 8% when heated to the

austenite temperature range and in the process exert external forces
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exceeding 150MN/m’. The external forces per cross-sectional area
exerted by NiTi wires exceed by a factor of 500 or more those
generated by human skeletal muscles. The heating process can occur
in less than a millisecond when using Joule heating and the
co.nt.ractiou in NiTi wires can be completed within 10-20
fmuxseconds. Typically it takes a long time for the wire to return to
its original length. When using NiTi wires modified by very large
current pulses during stretching (see ref. 1) the authors completed
twitches including both contraction and relaxation 10 times faster
than muscle. NiTi wires can potentially find a large range of-
applications as actuators in robotics and micro-robotics devices.

NiTi SMA alloys consist of intermetallic compounds which have
an atomic composition ratio close to 1:1 and may include a very
small percentage of a third element. The atomic composition ratio
over which the shape memory effect is observed is very narrow and
the alloys very rapidly become very brittle as this range is exceeded.
These alloys also have a very high chemical activity and react readily
with metals such as Ni, Cu and Fe to produce a brittle reaction phase.
For these reasons it is difficult to solder NiTi alloys or to weld them
to different metals.

During phase transitions SMA alloys may undergo large
dimensional changes. This effect is particularly great in NiTi alloys.
As a result if a surface is bonded or joined to another material which
does not go through similar dimensional changes very large stresses
are generated at the interface that break or weaken the joint. Large
external forces can also be generated by marteasitic transformations.
When mechanical attachments the parts may become loose through
cycling. For this reason it is difficult to make reliable mechanical
attachments to SMA alloys by the means of clamps, rivets or
tightening with screws. In order to generate enough force and
compression clamps used to secure NiTi wires must therefore be
extremely large and heavy compared to the wires. One of the most



rleiable method to attach a NiTi wire is to to wind the wire severa]
times on an anchor and utilize the capstaneffect.

NiTi alloys can be joined together using fusion welding
techniques such as laser welding®, TIG welding, pressure welding.
electron beam welding, pressure welding methods, flash butt welding
and friction pressure welding. There is still left the problem of
Jjoining NiTi alloys to a dissimilar alloy or metal.

A technique has recently been developed to join SMA alloys to
other metals®. One of the method for joining parts consists of
contacting the surface of the NiTi alloy to the surface of the other
metal to be joined, forming a melt-forged structure interface by
heating the parts to cause a reactive fusion of the NiTi alloy and the
other metal. With the application of sufficient heat and pressure to
the NiTi alloy and the other metal hot-forged structures are formed
on the two sides of the interface.

Another known method? of joining NiTi alloys to other metals
consist of a sequence of plating and soldering. The joining surface of
the NiTi part to be joined is first plated with a metal which is easily
solderable and demonstrates a good adhesion to the NiTi alloy. The
part to be joined is then soldered at the plated metal. The plating
whose thickness typically does not exceed 10 microns prevents a
reaction between the NiTi alloy and the brazing material. It was
found impossible however to subject the joined parts to high stresses
because of the dependence of the joint strength on the adhesive
strength of the solder and of the plating substrate®. Soldering is
known to provide poor mechanical mounting properties, and it is an
industry practice and an electrical standard to provide secure
mechanical attachments of components such as electrical wires
before soldering. :

-



Summary of Invention

tl"he inventipn consists in electrochemically growing the parts to be joined
uatil they are linked by the electrodeposited material or to grow one part to
form a section which can then be used for mounting. The formation process
can also include electrochemical etching of the electrodeposited material or of
the original part.

The elecurodeposition technique can consist of conveational
electrodeposition, spatially constrained electrodeposition’, laser enhanced
electrodeposition (LEEP) used alone or in combination of other methods to
control the rate of plating and spatial distribution of the electrolytic currents.
The electric field which drives the electrolytic currents can be spatially
controlled in three dimensions with the use of masks and resists, and
designing the shape of electrodes and container holding the plating solution.
Other techniques can be used to accelerate electrodeposition such as local
heating, ultra-sound and controlling the flow and replenishment of the plating
solution.

Electrochemical etching can also be used as described in the patent on
spatially constrained electrodeposition'. The electrodeposition can be reversed
and material can be removed by reversing the polarity of electrodes and the
direction of the currents. The spatial distribution of electrolytic currents can
be controlled with the design of electrodes and electrolytic bath, with masks
and resists, by controlling the temperature and local flow of electrolytes. Other
etching techniques, being chemical, electrical or electrochemical and
mechanical machining can also be used to create the desired final shape.
Ultimately, the process may only involve etching or machining of the SMA
component without any electrodeposition.

This technique can also be used to join directly SMA and non-SMA
parts. For example, two NiTi wires with differeat transition temperatures and
properties can be joined by bringing two ends close together other.and locally
depositing nickel to fill the gap. Alternatively one of the wires could be a
copper wire providing an electrical contact.

The robustness of the joints using this technique is mainly a function of the
mechanical properties of the deposited material and of the adhesion surength
of the deposited material on the SMA alloy. Thermal or mechanical processes
may be used to change the properties of the SMA alloy around the interface of
the electrodeposited material to prevent phase transformations and high
stresses that are induced at the interface. .
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The reduction in size and weight afforded by the mechanical and electrical
connection methpd of this invention is particularly valuable in building micro-
devices, where size and weight are critical. The ability to electrodeposit onto
the fibers allows mechanical parts to be electrochemically grown from the
fibers. In cne microfabrication method, described in U.S. patent application
number 08/440949°, Hunter et al. describe a process in which three
dunen_sgonal micro-structures are created by localized electrochemical
deposition. By localizing electric field in a plating solution to a region on a
substx’a{e, deposition is also localized. In this method, fields can be spatially
constrained on a substrate by placing a small electrode close to the substrate
surface. A potential is applied between the electrode and the substrate to
generate a field and induce localized deposition. Three dimensional structures
are formed by moving the electrode appropriately relative to the surface to
build up deposits. Thus wires and mechanical linkages can be connected
directly to the artificial muscle fibers. Among other materials, copper, chrome
and nickel can readily be deposited onto plated nickel, thus allowing
mechanical and electrical connections. The combination of the localized
electrodeposition technology and the method of this invention thus allows the
fabrication of actuated micro-electro-mechanical devices. The ratio of force to
cross-sectional area provided by the artificial muscle fibers and their rapid
contraction times make them very well suited to incorporcation in micro-
structures.

BRIEF DESCRIPTION OF THE PROCESS

Figure | describes a method of embodiment which permits to attach a
NiTi wire to a rod or another NiTi wire. A NiTi wire 2 is joined to a nickel rod
3. An electrodeposition bath 1 consists of a rectangular section of plastic with
a chamber in the center to the plating solution. There are two slits in the wall
of the chamber where the wire and the rod can be inserted. These slits are
covered with a thin latex membrane to prevent leakage of the electrolitic
solution. On the right side the left end of a NiTi wire 2 enters the chamber
and comes in close contact with the rod. On the left the right end of the nickel
rod 3 enters the chamber. A nickel anode 4 with a circular hole in the ceater is
positioned vertically in the center of the chamber. The rod and NiTi wire are
centered along a line which goes through the center of the hole. The
electrodeposition is therefore concentrated around the gap between the NiTi
wire and the nickel rod. Both the nickel rod and the NiTi wire are connected
to the negative side of a cufrent source and serve as cathodes. The



eic«.:tfodcposited nickel grows simuitaneously on the two ends which come in
?h.y§xcal contact and subsequenty nickel grows in the form of a spindie
joining the two wires.

The NiTi surface of the sample must first be prepared for the
electrodepasition as described ir: Johnson®. The surface is first cleaned with
alcohol and a silicon carbide abrasive. The final removal of the oxyde layer
and other impurities is achieved by chemical etching in a solution of 16%
nitric acid and 4% hydrofluoric acid. The part subsqueatly washed with
distilled or deionized water.

The prefered plating solution consists of approximately [M nickel
tulmanate. The sulfamate is chosen because it produces nickel deposits with a
high tensile strength (620 Mpa), low residual stress (3.5Mpa) and even
distribution. The anode normally consists of pure nickel but can also consist
of other materials.

Figure 2 depicts a NiTi wire 1 after a bulk electrodeposition of Nickel 4
at one end. Typically the dizmeter of the wire 250y and the diameter which is
grown to approximately 750p1. Such a wire can then be mechanically mounted
by inserted in a holder 2 which has a slit of 2754 at the bottom and a
cylindrical cavity of 800) where the enlarged end of the NiTi fiber is
deposited. A screw 3 secures mechanically the NiTi wire in place.

In its simples form, one end of the wire is grown with bulk
electrodeposition of Nickel. The end of the fiber is then soldered or brazed on
the nickel for electrical connection. Soldering can be used to mount the
electrodeposited nickel mechanically for temporary use or for applications
which do not involve any electrical safety hazard if the connection breaks.
consisting of plating and soldering is that in the known method a nickel
coating of a few microns only is used. We used a sufficiently large amount of
clectrodeposited nicke| is to increase the diameter of the NiTi fiberby a
significan amount, typically by a factor of 4 and more. Our tests show that the
force required to pull the NiTi wire out of the nickel is much greater than the
force required to break the NiTi fiber. Our tests show also that it resists to
repeated cycling of the temperature between the Martensite wemperature range
and the Austenite temperature range. _
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Claims:

I-Amed:oc;_dfotelectﬁcauyandmechmicany coupling elements comprising
the steps

(a) providing two or more elements positioned close to each other;

(b) providing a solution that will, in an electrochemical reaction, deposit a
desired product on the elements;

{ ¢) providing a counter electrode;

(d) depositing the prodact on the elements by passing a current between the
clements and the counterelectrode and through the solution, thereby
inducing electrodeposition of the product aato the elements;

(e) continuing the depasition of step (d) such that the product bridges the
gap between the elements;

whereby a mechanical andelwmnlcouphngufommdbetweenthe
elements.

2. The method of claim 1 wherein the product is at least in part a material
selected from the group consisting of electrodepositable metals, alloys,
polymers and semiconductors.

3. The method of claim 2 wherein the product is at least in part nickel.

4. The method of claim 1 wherein the elements are at least in part materials
selected from the group consisting of metals, alloys, polymers and
semiconductors onto which electrodeposition is achievable.

5. The method of claim 4 wherein the elements are at Jeast in part 2 material
selected from the group consisting of titanjurn and titanium alloys.

6. The method of claim 4 wherein the clements are at least in part composed
of nickel titanium alloy.

7. The method of claim 1 wherein the spacing between the elements is
between contact and 0.2 mm_

8. The method of claim 1 where mandrels are used to constrain the
electrodeposited metal in space.



9. mmofchmlmchmswmmeelecuo&pomedmlu
then attached to another piece using any other know technique.

10. The method of claim 9 whére only one element is used.

11. Themethodofclmladm 10 where first the current is to etch part
of the elements and then reveried to electrodoposit material.

12 The method of claim 11 repeated a number of times.

13. A method of claim IOwhuethedepomadmatemilexceedsathlckncss
of 10 pm.



Abstract

This disclosure describes a process which permits the mechanical and
electrical joining of parts made from nickel-titanium shape memory alloys
(SMA) and other materials that are difficult to join using conveational
techniques such as welding, brazing, soldering, bonding, clamping and
pressure assembly.

This process was developed more particularly for nickel titanium (NiTi)
shape memory alloys (often referred to as nitinol) and superelastic alloys
whose range of applications as actuators and flexible joints is severely limited
by the difficulties encountered in mounting them using known techniques.
The new process coasists of using electrodeposition or spatially constrained
deposition (see ref. 1) to grow a material such as nickel on the parts to be
joined until it connects physically the parts together or until it forms anew -
section of the part that can then be used for attachments. This process has a
wide range of applications and can be used to join a very large range of
materials including Titanium alloys in general and other materials such as
synthetic metals.
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This inveation relstes to the fabricstion of three dimes-
siomal microstructures by a process of localized electro-
chemical deposition aad Jocaliacd ciectrochemical esching.

BACKGROUND OF INVENTION
‘The ministarization of clecrrogics has Jod to devices Gat

Important characieristics
of fatrication techaclogics inclade (1) spatial resolution. (2)
achicvabic geomerxy. (3) availshic matexials. (4) fabrication
rate and (S5) cost. Spatial resalutioa is defiscd by the dimcs-
sicas of the umallest featige that can be produced by a givea
fabrication method. Achicvabie goomerxy refers to the raage

to be optimized usiag a limited ramge of metevials. The
difficuity ia asscsblisg and festcaing pars os micrometer
scales make geometric versatility and wide mage of mate-
riais particulagly desirsbie properties of a fabrication pro-
cess.

Lithography-relssed techaiques such as LIGA (from the
German for Hthography. aad moidiag) allow
aspect ratios to be increased (see far example

U.S. Pat. No. 5.162.078 ia the same of P Bley ct. al. issued
Nov. 10 1992). In these techaiques two dimeasiosal mask
patteras are etched into resist Luyers that can be more thas
Joommmmmm-emw-
molds. While

2

2
Sevenl three dimeasiosal microfsbrication techaclogies
are ander deveiopment. the most sotable beiag focussed
beam excimer laser machining. swereo lithography aad laser-
sssisted chemical vapour deposition.
Ammmwum.s

‘versatility. in part because they
access through the omer surface of aa cxisting substasce.
Ia US. P No. 4.929402. isseed Msy 29, 1990. C. .
method which has beea

. Proceediags—IEEE Micro Electro
Systems. pp. 162-167. 1992.). T. M. Bloomsicia et. al
describe a similer method for ing and etching mate-
rial in US. Pat. No. 5389.196G. issued Feb. 14. 1995. A
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focussed photos. ioa or clecaros beam interacts with a proximity (<1 micromeser) fo s GaAs substrate ©o esch 0.3
S%F-jifni El"ﬂ..—'gswg«

from the vapour or etiched from the substrate. Reported qg-ﬂnl-wia?g;
resolutioss using photos besms are 10 micrometers. lise- s spatial distribution is a fusction of the sxface cumest
iwd by Gffcaction sad thermal conduction at the substrate Eiiliﬂgii
surface. Bloctron boams have emsbled 02 micrameter sadthetp® !Iﬂa‘&!-ﬂlll
E‘I'ilgiiwﬂ to the substrate to form Eacs. No atiempt was made to build

the order of 0.02 micromesers per second (see W. H. Bruager 2 three dimeusiosal object.

Proceodiags—IEEE Micro Electro Mochasical Systoms. pp. chemically deposit conductiag ssbetances oa the smfaces of
Su‘lnﬂa.giiginu.lﬂ. conducting objects (Bard ct.al. issood Nov. 6. 1990). The
sevenl micrometers par socond are achieved ia buildisg javeation invalves costing a substrase with & this. iosically
three dimessional struchxres. l»goiaﬁr EEERE deposited. and
materials are restricted 1o those that can be EOWR 08 & (5 scaaning Iaterally across the film to deposis and etch lnes of
giiganggg widihs as small as =02 micrometers. where the feare size
mos materials are cmgstes. boroa aad silicon. is Emited by the sharpeess of e tip. Deposition aad etching
Electrochernical deposition and Biching in three dimcasioas is act posshic uing this method siace

wide range of matevials can be clectrodeposited. iacind- e solid clectrolyte effectively fines the tip to sabstrate

Eiirlngnlﬂﬂn. EPF;RRD«-EEEB

ERR‘EBKEIIEE i}-&l-isiaﬂn
soch as Eilﬂlﬂcﬂ.'%g sglgggi
plating deposition ocours indiscrimisately oa a swbewate. ¥ Scasaisg Tunaclisg Microscope™. SPIE vol. 897. pp. 16-19
Egh_lllg:gg SEQ.'&;BD«SR
Rates of g’li (e.g sbout 100 E&qsgﬂnggggs

nﬂi?iggaggﬂ R is the object of the igveatioa to provide a process for
due © ochisg wmdaot. Two other approaches izvolve Esgglﬁ%
cither Jocally eahasciag depositioa rate by local hesting., or spatial resolution cmploying a mage of meterials selected
placiag & small clectrode near the subetrate to localiae the from metals. polymers. aasd semi-coaductors thaz will

reaction. GEBEgE&EEﬂF
In laser enhanced clectroplating and eiching. laser light is - of produciag three: dimensiosal objects from a wide rasge of
focussed on a substrate. heating a Jocal region. as taught by maserials and with sub-micrometer spatial resalution.
US. Pa No. 4497692 (Geichiaski et al. Feb. S. 1985) Farther objects asd advastages will become apperent
agg}gﬁﬂgim&g from a coasideration of the drawiags aad casuing descrip-
m E

ga&‘i-ﬂl!l!ligﬂ SUMMARY OF INVENTION
meggitude. Set-plating and ctching. in which a jet of plating These and other objects of the inveation are achicved by
ar cchisg solwtion jocally iropinges substrate, is method which ia ose aspect feasures a method for pro-
EEEE%C&E&! L) E-ESE*?EE?
US. Po. No. 4349583, to improve deposit asd eich  geng of providiag a suitshle coaducting substrate, an elec-
propatics. and to further cahsace reaction ree. Laser  gode and a solution. The outer sface of the substrate

cahaaced clectroplating (etching) produces two dimcasionadl  gefincs an interface. The ciecwrode must have at least 2

EFFE-&EE-&I@. material is achicved by pestiag s curest between the

-EE!"«&!’;E ilggi*igﬂn

;-uklrnﬁf-ao 1987). They usc aa Eiggni'il



S.
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aa electrochemjcal reaction. the subswate is eiched. mther  range of possibie geometrics. aad composed of a wide
than material deposiied. Perthermare., ctching is performed gﬁll.lr.aco%i'nah!lﬂ
aloag a trajectory thet comtaing & composost sormal to aed  depeadest oaly oa the sbility to localize electrochemical
towards the substrate nface. depositios or exching.
In the method descibed, more than cae reactast may be s
iﬂxlwnnii.iﬂ-uﬂusﬂi_ﬂ-sl BRIEF DESCRIPTION OF DRAWINGS
bemused to selactively doposit the differcst maserials as
choses, or a combination of them together (in an alloy far Excuplary embodiments of the isveation will sow
cxample). The deposited maserial may be 2 pure metal. an described is cosjunction with the dawiags ia which:
Mn&.-u&“ua.«-!wisﬂauﬁlwllng o FIG. 1a shows a schematic reproseatation of a method to
_ﬂlul._ provided to scloctively varions ' jocally dlectrodeposk material oe a conducting substraee:
macoxaly. The. submate taseriats sy lso b matals. G B s b e I s ety
: elockode 15 sharp - with o | TOWeE o .
Axn cxampie a conducting wire a
&E%ggulgiyiuﬁmﬂ._ﬁga_ﬁg__aiﬂﬂnni_;&_ the result of
_nﬂnasnm—o Elﬂ_.—ﬂ:._!-.l.Jl_.l_.:___ sitioa as as illusration of 2 tajectory leading o the fabri-
unnlonnha"l!lﬂn of Gimeasions s he %508 of 8 three dimeasiosal object;
same raage
wg;nghﬂnuﬂr i)u!ﬂnmu.fggg_'&g"n;?
approximately its owa saeallest dimensios of the imterface i FIG. 1c leading to the fabricatioa of 2 three dimessioaal

EK%R%SI"&«ERE akguiiﬂlﬂangs

!

reiative 10 the subswrate. Each cloctrode is used just as substrate;
described for a single cloctrode. FIG. 2b shows a schemstic represestation of a sharp
Injecting fresh sciwtion isto e regioa of the localised  clectrode placed close to but spaced from a cosducting
electrochemical reactioa (etching deposition) can  substrate;
improve mass wransfer and thareby incresse the e In the FIG. 2c shows a schematic represestation of material
cusc of deposition. e qualky may also be improved.  peing selectively removed from s layer of the substrate;
Thesefare the investion provides for the optioast addition of FIG. 3d shows a schematic represestation of material
2 nozzie. through which the solutios is pumpod isto Ge being sclectively removed from A sccond layer of e
region betweea the cloctrode aad the isterface during dSPO- ppeyygy londing W the fabrication of 2 throe dimeasiosal
gﬂ.g

< abject;
In accardasce with as aspect of the invention there is -
wﬁ.‘i-dﬁg localized deposit h.u"l.uiigalu
material comprising moviding & substrate. an deposkion cosfiguration whereia
ciecwrode. a nozzie. asd a sokution. The subsirate has anomer  Commecliod through an arifice. drough which solation i
ains . which L g&

a rescust will. teough = 3 DETAILED DESCRIFTION

reaction. lead 10 the deposit of a desired material. The sozzie
is clectrically isolated from the electrode aad the sobstrate. The preseat isvestios isvolves a sew method of depos-
The sorzie is piaced betwees the cloctrode apd the intexface  iting metals. polymers and semicosduciars sad of cichiag
ggsiilgligﬁggiiiig
mzzic. A flow is geamsiod dxough the sozzic's arifice.  resolution and ia three dimcasions. Doposition and ciching
which is positioned close to. but not ia costact with. the  are achieved by electrochemsical reactions which are local-
sobstrate. Passing & awyont between the clectrode aad the  i2ed os a conducting surface.
substzate, apd tharfare through the arifice. induces & spa- The method involves choosing a suitable coaducting
tially Jocalized clocarochesical reaction at the intexface. The o substrate and & liquid solution thet contains reactam(s) that
product of the reaction is the deposited material and thus will deposk the desired prodmct(s) upoa clectrochemical
material is locaity deposised. Localized etching is achicved  axidation or reduction. In the ecching case the reactant(s) are
ia the same menner. with the followiag cxceptions. The  chosea 50 that ey will eich the substrate. An electrode is
solution costaias & reactant which will, Gwough as deco-  provided with characteristic festares that are small relative
chemical reaction. Josd t0 the exching of a stlocted masesial. 55 0 the siae of the substrate. By placiag these features close
Thus the sop of pessiag 2 cmrest through the orifice leads 0 e subsitrate. aad applying a8 approprisse potestial.
0 localized etching of the substrate. Cutrent and thas cither ciching or deposition oa the substrase:
Following the same meps described in the previous  are localized The cloctrode is thes moved relative 10 the
paragraph, with the added step of relatively movisg the subsrats ia Gwoe dimcasices o form stuctures. clther
dectrode and the sebstrate aloag a sclocted wafectry. and ¢ building wp material from the substrate. or ctching it away.
locally depositing i the process. cashies the fabrication of Aa flustrative system for carrylag ot the process is

a three dimeasiosal object. givea that part of the tajectary schemtically shown in PIG. L. The eichiag case is shown in
aad some carrespoadiag deposition ocoms aormal 10 i FIG. 2. A conductisg substrate 16 and aa clectrode 11 are



Em&ﬂﬁ&!rgg Schacir et al. do. refereaced sbove. A tip to sobherate
%ﬂ%ggg—mga‘ poteatial can also be applied and the tip lowered uotil a sharp
ing case. sface roughness as the arder of etching resolu- tise ia cusrest is observed, indicating clectrode to substrate
tioa can be smoothed as part of the process. The electrode 11 Eﬂisﬂﬂgigagg
bes a shap tip 13 and is typically made of platinum or ¢ t 530 pm. it is preferred that the ciectrode 11 be insulated.
Egiilig leaviag the tip arca exposcd. This is because the impedance
described is scannisg maaciing microscopy relsted era- ﬁiegiggi
ture. Howeves, e clecrode 11 can potentially be made of 0 the impedance betwees the rest of the exposed wire.
soy cloctrically cosductiog maserial. incladiag. bt acxx  tiough the salution. to the tip. Scveral methods for coating
limited to metals. carbon. aad conducting polymers. The tip o 3O&P clectrodes are listed in the following two refercaces:
Ugiil‘ulﬁggiﬁ ??Oultlﬂ..—..riﬂil.lxg
diameter. Motars drive the tip relative 1o the substrate and Chapactesization of STM Tips for Electrochemical

x.EnNER.FEngoE Eiﬁgglsa
microstepping motors were wed. However voice cail actuas- 3128-3130. 19%9. ESEEI'

tors sad other motars capshile of producisg sub-micrometer |, spatial resoltion is improved somewbat. However it
scale displacemnents are also appropriste. Rotatiosal degrees — appears to be the coaceatratioa of E‘éwwgs

of freedom can be added. allowiag the direction of growth  Up combised with the tip to substrate distasce. d. that most
ar achisg 1© be papodicular to e clectrode swrface. affects resolution. rather than the level of issulstion. For
Degrees of freedom can be attached 10 eliber the clocwode, positiosiag purposes the tip aced ot be conted right to the
the subsrate or both since it is e relative motion that is ,, cod. but rather such Bt the impedssce offered by e
irapartast. An example combination of substrate 10 aad electrode to substrate coatact is much the solution imped-
solutios 12 for deposition is copper in a sulfamate mickel  amce.
plating solutios. An oxidation or reductios posestial is applied to induce
Ea-umu%noﬂﬁlnsu:-a gaﬂ.ﬂgapgggﬂ
to localize deposition or exching. The appropriste tip to is properly positioned. Either a voitage sopply or s careat
Eggﬁﬁsﬂ!guig source coamected betweea the clectrode 11 and the substrare
ar spatial resolation, depends oa tip goomenry, the solution 10 mey be anployed. The spprapriase posestial depeads os
and reactasi(s) used. the applied poteatial betweea the tip nli&iﬂl—!'-g:agﬁ.

EB«&“E!‘IE"&!% Ewsv«gin!iglolo-

resolution is &t givea t £d. EEB‘SE%?&
Electrode geometrics other thaa sharp tips caa be trode is casslased siong s three dimeasiosal trajectary. A
cmpioyed to geserate a spatially modulated fSicid distribe- 35 Sumber of such trajectanics are possibie. For exzmple. the
tioa. Disk or bemisphetical electrodes can be weed. for clectrode can be raster scansed over the substtate sixface.
cxample. Gives aa cloctrode diameter. d. resokmion is again lﬂ!i!ﬂn&guggag
abuined a3 described in the previous paragraph. Electrodes  scan. Potestial or carreat can be vagied as a fusctioa of
of virtaally arbitrary goomewry can be osed 1o effect localized EFEB%EE&E)
etching and doposition. providiag a dimeasion of some 40 rasdom access mode is also possible. FIG. 2 shows a
feanure is small reiative 10 the intesface size. A razor blade sequeatial iayer etching approach. while FIG. 1 illaserates
geometry. for example. can be cmpioyed. with the sharp Egagﬁ.gg
%igligggg EEE?“&PI«!&E
vertically allows the coastruction of a wall Ia order 0 coutineous deposition. as shown in FIG. 1. These sre but a
gﬂﬁﬂu‘ig!’gs 45 few of e posaibie trajecwories.

g«nﬁﬂn%a’oi using soa-tip ised mmst be conductive apd electrically costismous with the
feometries is that stuctres arc thea effectively being subatrate. Also. as i“gggﬂg

usc of scveral electrodes acting in paralic] offers be possi- ip to auface scpasation. d. For depositioa the most straight
bility of both maximem resclution sad paralici fabrication. ‘crward is to move at a rate slower thaa the deposit growth
These cloctrodes can move together. or indopeadeatly. The rase. Deposited material can grow ©© coatact the electrode. at

poteatials of all clectrodes aced aat be Ge same. such Ghat ss which poist deposition will cease as clectroas flow trough
etching and deposition can be cffeced simmitancously. TWO the low resistasce contact regios. The reaction is effectively
or mare materials might also be ctched or deposited aad ﬁggﬁigﬂi
etched simmulatanccusly. as coatrolied by clectrode potecs- i'iﬂ- detected. cither by a rise i cxrest
tals. Haviag mmitipic clectrodes of differeat sizes sad a roduction in caxvest fluctuatioss. Currest fuctyations
shapes conld be wsed to aptimize fabrication rates. sﬁiggiggsé
There are scveral means of sctting the initial tip position é!ii?gwgi-oi
relative to the substrate. incudiag wing feedback os-Fara-  fusther motioa or i!ﬂ#nﬂ.ii
daic curreat (sec for example A- A. Gewirth et. al.. “Fabri-  costrol methods exist iscludiag periodically moviag %o

cation aad Characeexization E iasitaScasging  costact the surface and thea retracting. moviag to withis

Tunocling Micorscopy™. Jousal of Electroasalytical ¢5 taseling range to check the surface location (Schaciret. al..
Chemisry”. iuragglgﬁn Eigggiug
o weithin mansline mwrent ranes and then etractine & at Tusacling Microscooe™. SPIE wvol. 897. pp. 16-19. 1988).



5.641.391

ME]E*Q!‘SEREE S. Semicosductars such as GaAs caa be iradisted to

A. A. Gewirth et. al.. “Palwicatios and Characeerization of  make hem conductive. hereby making them suitsble as
Microtips for ia sitv Scasmisg Tumacling Micorscopy”™.  substtates for etching aad deposition.

Jounal of Elecroasalytical Chemistry™. vol. 261. pp. 6-The use of ;mbiple clectrodes providiag the following
477-482. 1989), aad measwiag impedasce chaages at scn- s advastages:

sistive Grequencies. The Faradaic carest and impedance (a) Incressing the speed of falxication by depositiag and
methods are aot very relishic in the preseace of acise. as ciching ia paraliel;
gnﬂ.illggd.—n-&o! (b) Allowisg far mukiple electrode geometries and sizes;
be useful in determiniag distance from the substrate. The (c) Essbiing diffarcat reactsats to be simuitascausly
E&En‘ﬂoﬂ-ﬂo&:.ﬂl'%“ deposited sad aiched by indepeadently costrolling the
substrate: distamce. which tam chenges sstwre potestials at cach clectrode and usiag muitipie reac-
cavest Suctustioss. This method is somewhat complex tants.

because the frequeacy and amplivede of bubbie release is ot 7. The ability to achicve sub-micrometer resolutios by
solefy related to distance © the substrate. The same cosiral — spasially localizing aa electrochemical reaction. Resolutioa
schemes are used with etching. except that ia the comtact 1S js aot diffraction Limited. as ia masy other processes. amoag
method substrate 1o electrode comtact is used as 2 signal o other advantages and crobodimeats.

stop the relative motios rather thas to comtinne. Coaciusion

An alternative cabodimest combines the localization of As previously staed, importast propesties os which

jet-plating and jet-etching & solutioa stream is focussod aato 20 of achicvable strwcaime geometries. spatial resolution. the
the substrate. increasing rates of mass trassfer. Deposiled  range of materials available, rate and cost- The investion
structures are found to exhjbit superior properties. incinding ~ described cashies @ree dimeatiosal metal, polymer aad
deasity and adhesion. ccmamic structures 10 be rapidly farmed. Ualike other tyee
The embodisest is schematically showa ia FIG. 3. The  dimensiosal fabrication processes. spatial resolution is sct
two priscipel differeaces botweea this embodimest and 5 restricaed by the diffractios linit of Nght. Fimally. the spara-
those shows in previous figares are that curest is chas- !&E!iggi
nelled from the electrode 20 to the wbstrate sucface 18 compared with microcloctroics tochaology- .
twough 2 pipetic 16 sad hat Sow is induced. Standard While the shove description costaiss many specificities.
techaiqees are used © pull quartz aad giass pipeties with these should aot be copsywed as limitatioas on the scope of
arifice diaypeters between 0.02 sad 10 um. Pressure is % the isveation. bot rather as cxempliicstions of prefemred
applied to induce fows of up 10 0.05 m/s or more. The embodiments thereof. Accordiagly the scope of @e inven-
approgriste distance, d. between the arifice 18 and the o should be determined sot by the cmbodimeats
surface in order to achicve 3 gives resohstion. z. Is as before  illnserated. but by the appesded chims 23d their legal
and the scansing methods are the mme. Notc that low can  oquivaicats.
be directed out of the pipetie or isto R. Nommally it is 35 We claim: 5
directed outward to lJocally isject a firesh supply of platisg 1. A mothod for produciag a three dimeasiosal object
solutios. thereby increasing mess tansfer comguisiag the sieps .
The techaique is aot Emited to deposition of metals. (a) providing a substratc baving ss outer cosducting
Semicoaductars (such as cadminm chalcogenides) and poly- suface defining an isterface; )
mers (such as polyssiline asd polypymole) caa also (b) providiag aa clcctrode haviag st least a feature having
electrodepositod. For exampie. polyanilisc cas be deposited at least a dimeasion that is smmall relative 10 the dimen-
oa stainless steel from 0.1M anilisc aad 1.0M H,SO, by sioas of the isterface;
Cycling the patestial betwees —100 mV sad 750 mV vs. (c) mrovidiag a solwtios having a seiected reactant that
ﬁggggiigﬁ will, ia an electrochemical reaction. deposit a desired
coaducting polymers, can be switched by wp to 11 orders of woduct;
magaitde by changing oxidetion state. Changes in oxida- d) positiosing the fosture at a starting distasce from the
tioa state can also be accompasiod by dimessioss! changes. substrate sach that the festre is closc 10 but spaced
%-Wh&uﬁ#ﬂlﬁrgnnigg from the intexface:

. conductivity caa be changed from a ¢) selecting a trajectory for relatively moving the clec-
to p type by chaaging ar masipulatiag the potcatial. B et e bstu. ot least past of the rajoctory
Actual and likely futere advastages of embodimests of having a directioaal componcat pormal to the substrate
the preseat investioa isciude the following exampies: susface. such that whea the trajectary is followed a
1. The deposition of masy meterials isciuding Al Ag. As. feature Lo substraie scparation least several times
An Bi Cd. Co.Cr.Co.Fe.In. k. Ma. Ni. Os. Fb. PA. Pt Re. ¢ the starting distance is geacrated somewhere along the
Rh. Ry Sb. Se. Sa. Te. Te. TN and Za. trajectary;
2. Depasiting alloys iscinding brass, brosze, electrode- (f) depositiag the prodact by passing & aETest betweea
positable gald alloys. C4-TL Co-W. Za-Ni. Sa-Ni. Ag-Pb. e clectyode and the subsicate and through the solution
Ni-Co. Ni-P. Ni-Fe. NI-TL. Sa-Pb aad ather electrodeposit: to indusce a spatially Jocalized clectrochemical reaction
abie alloys. at the intexface;

3. The depositioa of coaducting polymers such as polya- (g) relatively moviag the ciectrode aad the substrase along
niline and polypyrrole- Thoee materials heve many applica- the trajectory; aad
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The method of claim 1. farther comyrisiag the step of  placiag the smaller dimensioa of the festure provided ia
providisg fixther reactants ia step (c) that will. in aa Qvégogﬂoaﬂogogsaﬂw
electrochemical reactios. deposit a desired product. intecface.
s l.—._”nng? hgﬁilgﬂnﬂhggg i.a.ru. 13 The method of claim 9. wherein the electrode is
. . s spproximately disk-shaped or hemispherical havisg a diam-
e oaas cectodepocitable metals. alloys. patymers od = betwoca about S sad 200 000 am.

4. The method of claim 1. whercia the clectrode provi method of claim 9. further comprising the seps
ia 519p (b) i & sharp coadiocing wire baving & Up beviag & o g e Ay ik g, A ey it
?.ngn..-..”.lg?r 5 224200 000 am. the tip Providisg | 1o jovive 1o the dimensions of the inserface; and whereia each

S. The method of claim L wherein the smaller featare  Si0CH0dc is subject 10 the remaining stcps of claim 9.
step (d) in claim poformed such that the smaller  Of providing an orifice: and geserating a flow of the solution
dimension of the featire provided ia step placed within provided ia step (c) of ciaim 9 directed by the orifice to the
about a distasce. d. of the surface defined by the isterface. 1S region betwees the cloctrode and the istexface.

n..—..ungn daim 1 wherein the eclectrade 16. A method for produciag a three dimensiosal object
approximately disk-shaped or hemispherical havisg a diam-  comprising the steps of
etexr betweoes about § asd 200 000 an. (a) providing a substrase having am outer cosducting

7. The method of claim 1. further comprisiag the steps sface defining and interface:
providing s plurality of clectrodes in step (b) each haviag &2 20 (b) providing a clectrode:
least a festure haviag at leat a dimension that is small -
relative 1o the dimeasioss of the isterfocc: and wherein cach (P rieur 20 cxifice that is clactrically isolsted from
elecyode is subject to the remmining steps of claim 1. the and the

8. The method of claim 1. further comprising the steps of QEWEEIE-EE
providiag an arifice; and geserating a flow of the solution thet will. in an eclecgochemical reaction. deposit a
provided in step (c) of claim 1 directed by the arifice to the desired product;
region between the clectrode aad the intexface. {e) placing the arifice in the solution and betweea the

9. A method for produciag a three dimeasiosal object clectrode and the imerface such that cumreat between
comprisisg the steps of the clectrode and the istexface will pass through the

(2) providing a substrate haviag az outer cosducting © axifice;
surface defining aa interface: () positioning the orifice at a starting distance from the

(b) providing an electrode having at least a feature having subswate such that the feature is close to but spaced
at least a dimention that is small relative t© the dimen- from the inserface:
sioas of the interface: (g) gesensting 2 flow of solution through the arifice

(c) providing a solution having a selected reactant that > sufficient 0 grestly increase mess trapsport of the
will. ia an electrochemical reactios. cich the substrate; reactast to the surface;

(d) positioaing the festure at 2 startipg distance from the (B) selecting a tajeciory for relatively moviag the arifice
substrate such that the feature is close 1o but spaced and the substrate. at least part of the wrajectory having
from the iaterface: . a h—oﬂ”ﬂ“ compoacnt bormal to n.nn substrate

(c) seiecting a trajectory for relstively moving the elec- surface. that whea the wajectory is followed an
trode and the substrate. af Jeast part of the trajectory g@&%%lggg
having a directional composent narmal to the substrate tbe starting distance is geacrated somewhere aloag the
surface. such that whea the trajectary is followed while tmajectary.;
ciching the clectrode featare peactrates at Jeast several o () depositing the product by pasting a curreat between
somewhere aloag the yajeciary; to induce a spatially localized electrochemical reaction

(f) caching the substrate by pastiag a currest betwees the o the interface; sad
gl’ngigﬁngs (§) repesting siep (i) aloag the trajecwxy:
induce 2 spatially localized clectrochemical reaction st ¢, where the depositing of the product aloag the trajectory.
the interface; including at cac or more jocatioas sevexal times the startiag

(g) relatively moving the electrode and the substrate sloag distance away from the substrate. farms the three dimen-

(b) repestiag step (f) aloag the Trajectory: 17. A method for produciag s dwee dimensional object
where the etching of the substrate alosg the tajectory. ss COmprisiag the sieps of
including st one or more locstioas pesctratiag sevena! times a) providing a substrase having an outer coaducting surface
the starting distance isto the substrate. fonms the object. defisiag and iaterface;

10. The method of claim 9. wherein the sobstrase material (D) providiag aa clectrode:
is at least ia part a material seiected from the group coa-  (C) providiag aa arifice that is clectrically isolated from the
sisting of metals. alloys. polymers and semiconductors. ¢ clectrode and the substrate;

i 11. The method of claim 9. wherein the clectrode provided (d) providiag a solution having at least a selected reactant

in step (b) is & sharp comducting wire heviag & tip haviag a that will, in an electrochemical reaction. cich the sub-

diameter betweea sbout S aad 200 000 am. the tip providiag srate;

the feature in step (b). (c) placing the arifice in the solution and betwees the
12. The method of claim 9. further comprising the steps S elecwode and the imeyface such that anreat between

of definiag the smaller featre dimensioa provided in siep the cectrode and the interface will pass dyough the
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(f) positioniag the orifice at a distance from the

mmuhﬁ-:':.‘dmebuwu m‘:a‘! m&ummm
m""m (i) exching the subsirste by passing 8 cutrest betweea the
m.m«mwum clectrode aad the substrate and through the solution (o

sufficiest to greatly iacrease mass tamsport of the 5 induce 2 spatially localized clectrochemical reaction at
reactast (o the surface; the istesface: and

() repestiag siep (i) along the Eajecxwy:

m;m.wuwmum Mhﬂﬁumﬁ.&u wajectory.

sucface, mach that whes the trajectory is followed while 10 (e artisg distasce isto the substrate. formus e object
ewching the arifice peactyates af Ieast several titaes the s & & ¢ =



® Chapter 4 Experimental
Characterization of
NiTi Fibers

This chapter describes the experimental procedure and the analysis of the data
acquired to characterize the NiTi shape memory alloy fibers. Over six different
experimental setups have been constructed to characterize different aspects of the
material properties or the dynamic response of the fibers. Most of the experimental
results are outlined in a paper included after this chapter. Section 3 of this chapter gives

additional information on the results. Section 4 concludes the chapter.

4.1 Experimental Setups

The mechanical and dynamic properties of the NiTi shape memory alloys as
described before are complex, highly nonlinear, and are functions of temperature, time,
stress, strain and the past history of the fiber. It is not possible with one experimental
setup to characterize all of the different properties. Over six different experimental setups
were used to obtain the resuits described in this chapter. The first setup was used to test
the response of the fast twitch NiTi fibers. The second setup was designed to study the
electrical resistivity of the fibers since it has been suggested that resistivity can be used

. for control purposes. The third setup was designed to study the mechanical properties as a
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function of temperature and rate of change of the temperature. The other setups were

designed to look at the mechanical properties of the fibers.
4.1.1 Study of NiTi fibers with fast twitch response

The NiTi fiber was bathed in a 50% methanol-water mix, which was pumped
through a 1200 W refrigeration unit (Polyscience, model KR-60A) in series with a
variable voltage heater (peak 3 kW). The temperature of the NiTi bath was controlled
over a temperature range of 10 °C to 70 °C using a semiconductor temperature transducer
(National Semiconductor LM35) and a variable voltage heater. One end of the fiber was
attached to a strain gauged proving ring with a flat bandwidth of 1 kHz, later replaced
with a Bruél & Kjaer load cell and Bruél & Kjaer charge amplifier model 2635. The
other end of the fiber was attached to a voice-coil electromagnetic motor. A photodiode
and lateral effect photodiode (LEPD) measured displacements of the voice coil. A
United Detector Technologies analog processor was used to obtain a signal proportional
to the displacement of the photodiode. A digital micrometer (Mitutoyo, 1 um increment)

was used to adjust the static force in the fiber.

The setup was controlled by a MicroVAX computer system running VAX-VMS
and the experiments were run from the LISP programming language.
A Data Translation multifunction board was used to samplie the position and force signals
and to control pulses applied to the NiTi fiber with a D/A converter controlling the gate
voitage of IRC HEXFETS (200 A peak). A detailed photograph of the setup is given in

Plate 4.1.
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Figure 4.1 First experimental setup for data acquisition and control for modifying
NiTi fibers. A Micro-VAX 11 was used for the experiments. A Data Translation Q-
BUS multifunction board was used to acquire data and control the HEXFETS.
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Plate 4.1 Experimental setup built to characterize the NiTi fibers with fast twitch response,



4.1.2 Resistivity and modulus of elasticity measurements

The previous setup was redesigned to use a much more powerful electromagnetic
motor required to run experiments on 0.8 mm diameter NiTi fiber capable of actively
generating over 100 N of force. A Bruél & Kjaér (model 4808) linear electromagnetic
voice-coil motor capable of generating 180 N peak force was mounted on an optical
table. The position of the voice coil assembly was measured with a variable inductance
displacement transducer (Data Instruments FASTAR FS380) and a signal processor (Data
Instruments SP300A) provided the position signal. A connecting rod was mounted to the
motor shaft and at the other end crimped to the NiT1 fiber. The other end of the NiTi fiber
was attached to a strain gauge force transducer (Omega Engineering Inc., LCC200 shear
beam type). The fiber was mounted horizontally and was enclosed by a clear plastic tube
where a 50% methanol-water mix was circulating. The temperature inside the chamber
was measured using a 100 Q RTD platinum wire. The temperature of the methanol-water
mix was controlled by a 1200 W refrigeration unit (Polyscience, model KR-60A) in
series with a 3 kW variable heater. The refrigeration unit and the variable heater could be

individually turned On or Off using semiconductor AC switches.

The system was controlled with an IBM RISC SYSTEM/6000 (Model 320) using
FORTRAN-90 as a programming language. External devices were controlled from a
National Instruments NI-GPIB (IEEE488) interface using the IEEE 488 bus. The NiTi
fiber resistance and impedance was measured using the standard four wire (Kelvin)
technique using an HP 3458A 8'/, digit precision multimeter. For impedance
measurements the HP4194 Impedance Gain/Phase instrument was used. Impedance

frequency response functions were taken with a 2 °C temperature increment and the
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3 resistance every 1 °C. Force and displacement were read using HP34401 mu!timeters and
read via the IEEE 488 bus. Temperature measurements were obtained from the resistance

and using an 8 order polynomial giving the relationship between resistance and

temperature.
IEEE 488 (GPIB) Bus
| v t
HP3245A
Precision .
HP6652A Source Keithley HP34401A HP34401A
Power T 2001 Multimeter Multimeter
Supply Power :
-4 I B
o Thermocoliple
aex 1] 5 .
4808 [ E Strain Gage
L——.—--—-—--—-—-—-

Figure 4.2: Second apparatus to characterize NiTi. This diagram sketches the data
acquisition and control system used to characterize stiffness and resistivity as a
function of temperature.



Plate 4.2 Experimental setup developed to do resistivity and stiffness
measurements as a function of temperature.
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4.1.3 Study of the stress-strain response as a function of temperature

This experimental setup was designed to study the dynamic properties of the
fibers as a function of temperature, stress and electrical pulses. The NiTi fibers 0.1 mm in
diameter and 100 mm long were clamped between two General Scanning (GT350)
galvanometer motors. The NiTi fibers were mounted horizontally between the motors in
a water bath machined into a copper bar (see Plate 4.3). The top surfaces of 14 Peltier
effect heat pumps (Marlow Industries MI1064T) were attached to the copper bar to
provide temperature control of the bath and hence the NiTi fibers. The other faces of the
Peltier devices were attached to another copper bar which in turn was bolted to a 19 mm
thick water-cooled aluminum plate which served as a water-cooled heat sink. Two
parallel water channels were machined inside the bottom plate and water entering one
input port flowed to the other extremity of the bar where it was re-circulated through the
second channel and collected at an output port. Each heat pump could carry up to 5.3 A,
at up to 4 V, which was supplied from a Hewlett Packard HP6652A DC power supply.
Each motor was capable of producing 0.2 N-m peak torque or 10 N peak force on the

fiber via a lever extending 20 mm from the shaft.

An IBM-RISC Model 6000 computer was used to control the experiments via a
National Instruments Microchannel IEEE 488 interface. The bath temperature was
controlled via the HP6652A DC Power Supply (25 A) by a PI (proportional & integral)
controller running at 5 Hz. A relay controlled by the HP6652A relay control output was
used to reverse current. Temperature as measured by a Keithley 2001 5.5 digit multimeter

via a type K thermocouple was sampled at 5 Hz.
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Figure 4.3 Diagram describing the experimental controi and data acquisition method
used for a first set of resistivity measurements.

For the first series of experiments, where the stress-strain response was analyzed
as a function of temperature, the setup was as described in Figure 4.3. HP34401A
multimeters measured the force and position signals and the samples were downloaded to
the host via the IEEE 488 interface. The HP3245A precision source and arbitrary
function generator was used to generate a triangular force command signal to the

GT350DT galvanometer.

In a second series of experiments designed to look at the pulse responses of the
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NiTi fibers the data acquisition and control setup was as described in Figure 4.4. The
position and force signals from the General Scanning GT350DT galvanometer were
sampled by a HP54501A digitizing scope and the sampled signals were read via the
GPIB bus.

The HP6652A was programmed to provide the required output voltage and the
HP3245A was programmed to generate 10V pulses to switch ON/OFF an insulated gate
bipolar transistor (IGBT) that delivered the current from the HP6652A voltage supply to
the NiTi fiber.

This setup has also been used for resistivity measurements. In this case a 4 wire
(Kelvin) resistivity measurement was taken either with the HP3458A 8'/, multimeter, or
for fast measurements a 10 mA constant current source was injected in the fiber and the
potential difference measured with an instrumentation amplifier (Analog Devices AMP-

02).

4-10



| & B 4

~
1, - .
- . 1

s e, A . W.{

e

Plate 4.3 Experimental setup used for studying NiTi fibers as a function of temperature.
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Figure 4.4 Description of the experimental system used for data acquisition and control
of data acquired to study the response of NiTi fibers to electrical pulses.

In these experiments a current with proportional, integral and derivative feedback
(PID) servo was used to cycle the motor force with a 1| N amplitude, 10 s triangular wave.
The motors have inbuilt capacitive angular position transducers with a noise level of 0.01
mdeg rms at 10 Hz. The force was obtained from the current running through the
galvanometers. The sensitivity was obtained from calibration with known weights. The
temperature of the bath was regulated by a proportional-integral (PI) controller, based on
temperature measurements taken at S Hz by a platinum thin RTD element (Omega

100W30 thick film sensor) via a Keithley 2001 5'%: digit multimeter. HP34401A
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multimeters were used to digitize the outputs from the position and force signals. A
HP3245A Universal Source was used to generate the command to the motors. An IBM
RISC/6000 with National Instruments GPIB microchannel card was used for bi-

directional communication with the multimeters and universal source.
4.1.4 Experimental setup for agonist-antagonist double pulses.

An experimental setup was designed to study the response of Nili fibers
configured in an agonist-antagonist pair where each fiber provides a direction of motion
opposite to the other. For these experiments 100 um diameter and 150 mm long fibers
were attached at one end to a Sigma force transducer and at the other end to a Mitutoyo
micrometer used to set the initial tension in the fiber. In its middle the fiber was attached
to a brass metal sheet which in turn carried a lateral effect photodiode (United Detector
Technology (California)) used to generate a signal proportional to the location of the
photodiode. The brass sheet was connected to ground. Each fiber was connected at one
end to the brass sheet and at the other end to an IGBT. The IGBT’s were controlled by an
HP3245A precision source. The HP 54501 digitizing scope acquired the measured force

signal from the Sigma force transducer and position signal from the diode.
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Plate 4.4 Experimental setup to study the pulse response of NiTi fibers configured as agonist-antagonist pairs,



4.1.5 Experimental setup for pulse and heat trans fer experiments

In a fourth series of experiments fibers with 250 um diameters and S0 mm
nominal lengths were grown electrolytically at each end to a nominal diameter of 400
pum. The ends were then soldered to brass hexagonal rods for both electrical and
mechanical attachment. One rod was mounted to an Entran force transducer (model
ELF-TC13-25 ). The other end was attached to a Bruél & Kjaer mini-shaker (type 4810)
with 10 N maximum force and #3 mm range. A FASTAR SP200A and FS380 linear
position transducer, mounted between the Bruél & Kjaer mini-shaker and an hexagonal
rod, was used to measure the changes in fiber length. The fiber was kept in a distilled
water bath as shown in Figure 1. The hexagonal rods were extending outside the bath
through two round windows at each end. No seal was used between the rods and glass
plates so that friction was minimized. Water from the middle chamber freely ran through
the windows to be collected and re-circulated in the middle chamber. The ENTRAN
force transducer was mounted on a New-England stage motorized by a Compumotor
LN57-51-MO stepping motor and controlled by a Compumotor LN-Drive for large

adjustment of the distance between rods and for initial tension in the NiTi fiber.

An IBM RISC/6000 model 520 with VXI data acquisition and control modules
was used for experimental control and data acquisition. VXI modules include a Hewlett-
Packard HP1413A 16 bits (18 bits internal calibration), 64 channel A/D module for A/D
conversion. A TASCO VXI/DAC16 16 channel 16 bit analog output module and C&H
Engineering model 441C digital I/O module were used for D/A conversion and digital

outputs respectively. Digital pulses from the C&H 441C were first converted to 15 V
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pulses which were then used to switch current from an 60 V APEX PA04 power
amplifier (whose output voltage was controlled by a D/A) through an IGBT (model
IRCPC50U). A PID control loop, implemented digitally by the IBM RISC-6000
computer at S kHz, controlled the motor. Pulses from the C&H 441C were used to
control the LN57 stepping motor. In some experiments the current going through the

NiTi fiber was measured from the voltage drop in a 0.1 Q inline resistor.

In another series of experiments using the same setup the stiffness of the fiber was
measured as a function of the temperature. For these experiments a type K chromel-

alumel thermocouple was bonded directly on the NiTi fiber using a thermally conductive

) 'B" R‘sm:. 2

vXi BUS
- =

v \ 4

HP6035 High Tasco VXI HP1_41 3A
Voltage Power Digital 16bits A/D

Supply output T %

v

IGBT |g4¢——

B&K
Linear  ee—

Motor | Entran Load Cell

Fastar Position Transducer

Figure 4.5 Experimental setup for data acquisition and control of NiTi bath with an
IBM RISC SYSTEM/6000 and VXI data acquisition instruments.
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epoxy cement (Wakefield Laboratories). The thermocouple junction consisted of a
welded ball of metal that was 250 um in diameter, the same diameter as the NiTi fiber
used for these experiments. All of the experiments were carried out in air. Assuming
that the thermal conductivity of metal is much higher than air and that only a thin layer of
epoXy separated the thermocouple junction from the NiTi fiber, the temperature measured
via the thermocouple can be assumed to be close to that of the fiber. The fiber was
directly heated using an electrical current that could also be used to measure the
resistance of the NiTi fiber. The temperature was varied quasi-statically in these
experiments. Using a pseudo-random perturbation in the stress applied to the fiber
dynamic measurements of the stiffness were made. For these experiments a Keithley

2001 multimeter was used to record the temperature.
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Plate 4.5 Experimental setup to study the pulse response of NiTi fibers in water and to study nucleation and heat transfer
phenomena at the surface of the fiber.



4.2 Experimental Results

Most of the experimental results are given in the publications included with this
thesis. However some of the results will be outlined here with additional results,
background and justification. Where appropriate the results are also discussed in more
detail. However some results (i.e. resistivity) were taken with more than one setup and

justify a discussion in themselves.
4.2.1 NiTi fibers with a fast twitch response

The basic results are outlined in as the U.S. patent 5,092,901 (Hunter and
Lafontaine, 1992b) and in the paper “Fast reversible NiTi fibers for use in microrobotics™
(Hunter et al., 1991) as well. These two documents describe a technique to modify the
characteristics of NiTi fibers using brief current pulses while the fiber is stretched. After
modification the fiber shows a much faster twitch response. That is, a fiber’s response to
an electrical pulse will cause a much more rapid contraction and elongation than in a

normal unmodified fiber.

The basic results are described in Figure 1, Figure 2 and Figure 3 of the US Patent
5,092,901 (Hunter and Lafontaine, 1992b; Appendix I) and Figure 2, Figure 3 and Figure
4 of Hunter et al. (1991) included with this chapter. Figure 1 of Hunter and Lafontaine
(1992b) displays the response of a 0.8 mm diameter 100 mm long NiTi fiber following a
very brief, large current pulse. This figure gives the absolute change in strain as a
function of time. The fiber contracts rapidly but takes over 300 ms to return to 50% of the

maximum strain and the full recovery takes over 1 second.
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The process to modify the fiber consists of applying short pulses (1 to10 ms) of
voltages of high enough amplitude to cause the fiber to fully contract while subjected to a
constant stress (e.g. 40 MPa) . The stress is maintained so that the fiber elongates under
the externally applied stress after the pulse. After the process has been repeated 10 to 20
times it is observed that the fiber recovers 50% of the strain in less than 40 ms and the
fall time (10%-90%) is under 130 ms as show in Figure 2 of Hunter and Lafontaine
(1992b).

It is unclear what causes this phenomenon. Shape memory alloys are complex
materials whose properties can be greatly modified by a number of thermal and
mechanical processes. There are a number of thermo-mechanical processes leading to
new properties such as the two-way shape memory effect (Duerig et al., 1990) or the

introduction of the R-phase.

There is an important effect of this modification process that has not been
reported elsewhere, which is that modified NiTi fibers display a very strong two-way
shape memory effect. When heated above A¢ and then cooled down below Mg, their
length increases actively by over 4% without the application of an external stress. This
can partially account for the fast twitch response, in that there is an active re-lengthening
of the fiber and less energy losses in friction between internal surfaces

It is unclear also why large current pulses produce such a modification. It is
known that electric current can modify the properties of the fibers. In NiTi alloys various
phenomena such as precipitation and oxidation occur in a complex manner and there is
no clear understanding of how best to mechanically process the fibers for optimal

performance and no satisfactory heat and mechanical treatment has been established yet.
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Furthermore the exact process is normally kept as a trade secret and not made generally

known.

Normally NiTi fibers available commercially have been obtained from an ingot of
NiTi alloy which is hot worked around 800 °C into a shape close to the desired final
product. Next cold working and stress relief annealing are repeated until the final shape is
obtained. Subsequently three different methods are normally used to give the as-drawn
NiTi alloy its shape memory effect. A first method consists of annealing it at a
temperature between 400 °C and S00 °C for approximately 15 minutes to 1 hour with its
shape restrained. A second technique consists of heating at 800 °C, rapidly cooling to
normalize its structure, then cold working and annealing at a low temperature (200 °C to
300 °C) with it shape restrained. The third technique consists of heating it to 1000 °C so
that it becomes a homogeneous solid solution, quenching and aging at 400 °C. The last

method is preferred for NiTi alloys with more than 50.5% Ni

In all these cases when the as-drawn alloy is produced and delivered without
further processing the crystal grains within the fiber are randomly orientated. NiTi fibers
consist of polycrystalline materials where transformations occur within the grains
themselves. In large reason because of this random orientation a maximum of 2% length
change can be obtained from commercially available fibers that are straight annealed
without further processing.

In 1990, Homma et al. were granted a US patent for a process based on heating
NiTi fibers with a current in order to improve their characteristics such as improved
lifetime, stability of the shape memory effect, maximum achievable strain, as well as

efficiency of conversion of electrical energy to mechanical work. In this process the fiber
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is first kept below M¢ and under a moderate load (100 MPa). Then an electrical pulse
generating very large currents and very rapid heating of the fiber is applied until the fiber
displays a plastic deformation, at a temperature close to M. At this point the current is
stopped and the fiber is cooled at a high rate using forced air. Then the stress is rapidly
increased to 200 MPa for the time needed to extend the fiber (and decrease the diameter)

into super-plastic deformation. At that point the stress is reduced to 100 MPa.

Homma er al.’s theory of modification was based on the hypothesis that the
resistivity of the fiber is small within the crystal grains and large between the randomly
orientated crystals of the polycrystalline fiber. By rapidly heating the fiber, the
temperature would consequently increase first at the grain boundaries, without
significantly heating the grains if the pulse is kept shorter than the time for heat diffusion
to take place. With the grain boundaries heated and under stress, the crystals reorient in
the fiber along the direction of the stress. The improved characteristics of the fiber would
therefore be related to the orientation of the crystals within the fiber. This technique was
developed for NiTi alloys which have a greater concentration of Ti and where the

transition temperature is close to 100 °C.

Homma et al’s technique differs from the process developed by Hunter and
Lafontaine (1992b) in that the fiber does not actively contract under the heat generated by
the current pulse and that the stress must be increased in a controlled manner at the end of
the pulse. The technique also has been developed for NiTi alloys where the alloy had a
slightly larger content of Ti than the 50-50% concentrations, while the technique
described in Hunter and Lafontaine (1992b) worked with alloys having a very large Ni

concentration (55%). Nevertheless one of the possible explanations for the fast twitch
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fiber response described here could also be related to the reorientation of the crystals
within the fiber. In addition the technique described here allows the fibers to actively

expand as well as contract as in the two-way shape memory effect.

To properly understand the mechanism responsible for the observed changes in
properties, other studies such as time-resolved X-ray diffraction and neutron diffraction

would be required.
4.2.2 Resistivity measurements

The first resistivity measurements are included from a conference abstract
(Lafontaine et al., 1992). The abstract outlines early resistivity measurements. More
important are the measurements of impedance. Figure 4.6 shows a typical result. The
electrical impedance of a NiTi fiber was measured in a frequency range extending from
100 Hz to 40 MHz. The data indicates that the Nili fiber was purely resistive up to
several hundred kHz. The implication of this result is that if the resistance of the fiber
can be measured at the same time as the fiber is electrically heated for control purposes, a
high frequency electrical signal can be used for impedance measurements in a frequency

band outside the frequency band used to control the fiber.

Other typical resistivity measurements are given in Figure 4.7. The first curve in
Figure 4.7A covers a temperature range from 20 °C to 95 °C. These measurements were
made using 250 um fibers, under zero external load. The resistivity versus temperature
shows only a small hysteresis of less than 2 °C. The resistivity is quite high at lower
temperatures which is indicative of the R-phase. Therefore under small load and above
room temperature the fibers change only between the parent phase and the intermediate

phase. The transition temperature A¢is 70 °C.
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Figure 4.6 Impedance measurement of NiTi fiber at 20 °C.

The resistivity curve given in Figure 4.7B was taken over a larger temperature
range, from —30 °C to 95 °C. In this case the resistivity curve displays a very large
hysteresis. Below 20 °C the resistivity drops rapidly as the R-phase transforms into
martensite. This curve indicates that M; is close to 10 °C. Unfortunately it was not
possible to lower the temperature enough to find accurately My and A; which are at a
temperature below —20 °C. The next salient feature from this curve is that on the heating
side of the resistivity curve (the lower curve), the R-phase transition did not fully
complete as the resistance remained much lower than 0.91 uQ-m. Therefore some of the
martensite transforms directly to the parent phase without going through the intermediate

phase.

The resistivity curve given in the conference proceedings is quite different again.

4-24



In this case the resistivity remains almost constant, the minimum value being 1.005 pQ-m
and the maximum is 1.034 uQ-m. The total relative change is only 2.8%, while for the
previous results the change was greater than 16%. As described in Lafontaine et al.
(1992) the most likely reason is that the fiber was clamped and could not change in
length. As a result stress induced martensitic transformations prevented the parent phase

from forming and there probably was very little phase transformation.

Figure 4.8 (A) gives a resistance curve of a NiTi fiber under constant load (40
MPa) as a function of temperature. The length changes by 3%, and the resistivity curve
is estimated based on the assumption that the volume remains constant. The resistance
curve shows a small hysteresis as the fiber contracts and lengthens. Figure 4.9B gives the
hypothetical resistivity as a function of temperature, taking into consideration the change
in length and diameter, assuming that martensitic transformations don’t cause large
volume changes and that Poisson’s ratio is 0.33. Under such assumptions there are
marked differences between the resistance and the resistivity curves.

This change is significant considering that the resistance has been proposed as a
“state variable” for control purposes (Ikuta, 1990). From these considerations it is
expected that the NiTi fiber properties would change in a complex manner with
resistance. In order to get the resistivity, the length and area of the fiber must be known.
Riva and Airoldi (1995) also conclude from different considerations that it would be
difficult to use resistance as a “state variable™ in situations where the load changes in

time, and that it would only be appropriate when the NiTi fiber is under constant load.
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Figure 4.7 Resistivity curves of a commercially available NiTi alloy. The top

curve(A) is for the portion of the R-phase only, and the lower curve (B) is includes
transitions to the M phase.
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Figure 4.8 Resistivity curves for a NiTi fiber under load. At room temperatures
the resistivity curve clearly indicates a wide hysteresis characteristic of the M-

phase.
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4.2.3 Changes in the fiber stiffness as a function o f temperature

The main results are reported in the manuscript (Lafontaine er al., to be
submitted) included at the end of this chapter. It is first reported in this manuscript that
the hysteresis in the change in fiber length versus temperature was a function of the rate
at which the temperature was changed. The significance of this result is further discussed
in the manuscript. In these experiments the stiffness (Young’s modulus) was estimated as
a function of temperature. A stress that varied triangularly in time and with a peak to
peak amplitude of 60 MPa was used in these experiments. The measured strain was fitted
to the measured stress using a general procedure to fit a straight line with errors in both
coordinates (Press et al., 1992). Figure 2B (Lafontaine et al., to be submitted) gives the
“variance accounted for” (VAF) as a function of temperature. The VAF is defined from

the variance of a signal and the variance of residuals after fitting the signal:
VAF = (Zy2-Zel)Zyl. 4.1

When the VAF is close to one the fit is very good. It can be seen here that the
VAF was close to one everywhere except where the stiffness went down. The estimated
stiffness curve showed a very large decrease in stiffness at the transition temperatures,
larger than what is found in published data. It has been reported that there is a decrease in
stiffness associated with the intermediate R-phase transition. A 35-50% decrease in
stiffness is reported (Wu ef al., 1995; Jordan et al., 1994; Duerig et al., 1990; Funakubo,
1987). After inspection of the data it was found that large deformations occur in the
material. Figure 3 (Lafontaine et al., to be submitted) illustrates one stress-strain cycle on

the cooling part of the cycle. When the stress exceeds a certain threshold the fiber
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Figure 4.9 Young’s modulus computed using a system identification technique.

suddenly elongates.

In the presence of large nonlinearities, non-stationarities or time-varying
dynamics an adequate model is essential before estimating the stiffness. In the absence of
an adequate model, the best alternative technique is to use nonparametric system
identification. A series of experiments were performed using a pseudo-random binary
sequence to vary the stress. Then the strain, considered as the output signal, is
deconvolved from the input to find the nonparametric linear relationship between the
input and the output. If the impulse response is then integrated the steady-state stiffness is
found. Figure 4.9 shows the stiffness as a function of temperature. In this experiment a

decrease in stiffness was still observed but it was of a much smaller magnitude (<20%).
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4.2.4 Response of the fiber to short electrical pulses

Here again the main results are outlined in the manuscript appended to this
chapter. The manuscript analyzes important issues such as efficiency of the fibers as a
function of stress and duration of the pulses. It is found generally that the greatest

efficiency is reached when larger energy pulses are used.

4.3 Discussion and Conclusion

One rationale for using short electrical pulses is that for very long current pulses
more heat would be dissipated before the contraction occurs than for short pulses. On the
other hand if the pulses are extremely short there might be a surface effect where the
current would travel only at the surface of the fiber and local heating would occur.
Furthermore the fibers consist of a polycrystalline material where the conductivity and
hence heating would change across the fiber. An estimate of the time required to reach

thermal equilibrium within the fiber is given by:

T = &/(4a), 4.2
where T is the thermalisation time, d is the distance, and « is the thermal diffusivity and
is given by,

a =k/pc, 43
where k is the thermal conductivity, p the material density and c is the specific heat. The

thermalisation time for a 250 um diameter fiber is calculated to be 3.5 ms. This number is
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only an approximate value but it matches well with the experimental results that pulses
longer than 5 ms did not produce as much contraction for the same energy. It also
explains why for pulses shorter than 5 ms, there was no significant variation in efficiency.
Furthermore, if the explanation of the process to modify fibers given by Homma er al.
(1990) is related in some manner to the process developed for this thesis, it means that

pulses shorter than 5 ms would be best to modify the fibers.
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Experimental Study of Fast Contracting NiTi Fibers

Lafontaine, Serge, Stein, R.B., Hunter, L W.
To be Submitted.

Introduction

None of the current actuators satisfactorily meet the design requirements essential for
robotic and prosthetic applications. Muscles, on the other hand, have been in widespread
use for over 300 million years throughout the animal kingdom, even though their overall
performance is rather modest in many respects. Muscles are exceptional for their large
range of motion (approximately 20% of their body length in-situ) and very long life time
(over 2.5 billion cycles). The efficiency of conversion of chemical to mechanical energy is
moderately low (35%), as are the force per unit area (350 kPa), power to mass ratio (50
W/kg, 200 W/kg peak) and bandwidth (10 to 20 Hz) (Hunter and Lafontaine, 1992). They
are scaleable in design such that more force or displacement can be obtained by adding
muscle fibers in parallel or series. Their stiffness changes over a range of 100:1 and can be
modulated by co-contraction. Muscles have local energy storage for about 35 full
contractions so an external energy supply does not need to be provided for a high-speed
low delay muscle response. On the other hand they have no “catch state” and require
continuous energy expenditure to maintain a fixed position even though no mechanical
work is done. Finally muscles cannot be used as a generator to recover energy from

mechanical work.



In a review of new actuator technologies Hunter and Lafontaine (1992) evaluated a
number of materials that could be used in artificial muscle-like actuators as fibers, films or
rods and that could be assembled in a series or in a parallel configuration and controlled
like muscle fibers. Out of that study two materials became of great interest: nickel-
titanium (NiTi) shape memory alloys and electrically conducting polymers. NiTi alloys
have reached the stage of being an engineering material that can be used in actual designs (
Funakubo 1987; Duerig er al., 1990). They generate huge forces of more thani80
MN/m’, about 700 greater than muscle, large displacements (>7%), and have very large
power to mass ratios (>100 kW/kg). The main limitations are their very low efficiency
(<2%) and a limited lifetime that can be compensated by redundancy given high power-to-

mass ratio and force per unit area.

New smart materials such as electrically conducting contractile polymers are one of
the most promising actuator technologies of the future (Hunter and Lafontaine, 1992), not
only for robotic and micro-robotic applications, but also for energy storage and
information processing. While we are actively pursuing research in polymer actuators, we
are working on practical applications using our fast contracting NiTi artificial muscle
fibers for immediate use such as in haptic interfaces. Similarities in control and design

considerations between the two technologies are anticipated.

Methods
In the first series of experiments, designed to characterize the properties of NiT1 fibers

as a function of temperature, NiTi fibers 0.1 mm in diameter and 100 mm long were

clamped between two General Scanning (GT350) galvanometer motors. One General

2



Scanning AE1000 analog control board was used to maintain one end of the fiber at a
fixed location and a second modified AE1000 board applied a force proportional to the
input voltage. Each motor was capable of producing 5 N of force on the fiber via a lever
extending from the shaft. In these experiments a current servo-control system with
proportional, integral, and derivative feedback (PID) was used to apply a triangularly
varying force of 1 N with a 10 s period. The motors have inbuilt capacitive angular
position transducers with a noise level of 0.01 mdeg rms at 10 Hz. The force was
calculated from the current running through the galvanometers. The sensitivity was
obtained from calibration with known weights. The ratio of force change to length change
was used to calculate the stiffness of the fibers. The NiTi fibers were mounted horizontally
between the motors in a water bath machined into a copper bar. The top surfaces of 14
Peltier effect heat pumps (Marlow Industries MI1064T) were attached to the copper bar
to provide temperature control of the bath and hence the NiTi fibers. The other faces of
the Peltier devices were attached to another copper bar which in turn was bolted to a 19 '
mm thick water-cooled aluminum plate which served as a heat sink. Each heat pump could
carry up to 5.3 A at up to 4 V supplied by a Hewlett Packard HP6652A DC power
supply. The temperature of the bath was regulated by a proportional-integral (PI)
controller, based on temperature measurements taken at S Hz by a type K thermocouple
using a Keithley 2001 5.5 digits precision multimeter. HP34401A multimeters were used
to digitize the outputs from the position and force signals. A HP3245A Universal Source
was used to generate the command to the motors. An IBM RISC/6000 with National

Instruments GPIB microchannel card was used for bi-directional communication with



multimeters and the universal source.

In a second series of experiments, designed to characterize the pulse response of NiTi
fibers, the HP3245A precision source was connected to the gate of an Insulated Gate
Bipolar Transistor (IGBT) to switch the high voltage from an HP6035 high voltage power
supply. Pulses generated by the HP3245A precision source controlled the gate of the
IGBT. As before all devices were controlled via the TEEE488 data bus. The output
voltage of the HP6035 power supply was controlled via the IEEE488 bus under program
control. The position and force signals from the AE1000 galvanometer control boards
were acquired by the HP54501 digitizing scope and were subsequently uploaded to the

BM RISC/6000 and saved to disk.

In a third series of experiments, whose purpose was to look at the response of NiTi
fibers to very large current pulses, 100 um diameter and150 mm long fibers were attached
at one end to an InterTechnology force transducer (model 9363-D1-100-20P3) and at the
other end to a Mitutoyo 164-152 micrometer used to set the initial tension in the fiber. In
its middle the fiber was attached to a brass metal sheet which in turn carried a miniature
HP photodiode. A lateral effect photodiode and United Detector Technologies (UDT)
processor generated a signal proportional to the location of the photodiode. The brass
sheet was connected to ground and each end of the fiber was connected to an IGBT. The
collectors of the IGBT’s were connected to an HP6035A power supply and the emitters
to the fiber. The IGBT’s were gated from an HP3245A precision source. The force signal
from the force transducer and position of the diode were acquired by the HP54501

digitizing scope and read via the IEEE 488 bus.



In a fourth series of experiments, performed to investigate resistivity, 100 mm long
fibers with a diameter of 250 yum were electrodeposited with nickel to a diameter of 500
pum at each end. Two wires were connected at each end for four wire ohm measurements.
A type K chromel-alumel thermocouple with a 250 um welded ball at its end was used to
measure the temperature right at the surface in the middle of the NiTi fiber. Approximately
10 mm of thermocouple wire was wrapped around the fiber and bonded with the
thermocouple ball. A constant current of 10 mA was passed through the fiber and an
instrumentation amplifier with a gain of 10,200 amplified the voltage recorded by two
sense leads. A Fisher 2101 heater and NESLAB cooler were used to provided two water
baths at different temperatures between which the fiber was quickly switched. A Pentium
based Windows NT system with a National Instruments PCI-MIO-16XE multifunction

board was used to acquire the temperature and resistance data.

Results

Figure 1A shows the mean length changes for a 100 mm long NiTi fiber when the
temperature was increased and decreased slowly from -10 to +110 °C. When the
temperature increased, the fiber shortened abruptly by more than 2.5 mm (>2.5% strain) at
about 72 °C and when it decreased, the fiber relengthened at about 42 °C. Thus, there was
a considerable hysteresis in the transitions. Figure 1B shows how the hysteresis changes
with the rate of cooling and heating. The hysteresis in temperature was markedly smaller

for faster rates of temperature changes. This topic is considered further in the discussion.

(Figure 1 near here)



It is now well established that in the phase transitions of NiTi alloys, there are one or
two intermediate phases as described by Beyer (1995). It is often assumed that there is a
large change in stiffness associated with R phase transformations as described by Jordan et
al. (1994) and Wu er al. (1995). Using a linear fitting procedure between stress and strain
to estimate the stiffness showed a much larger drop in the stiffness than previously
reported for the R phase. However the apparent decrease in stiffhess shown in Figure 2A
seemed an artifact of the poor fit as indicated by the variance accounted for (VAF) in
Figure 2B. Inspection of the data showed large nonlinearities in the response such as a
large plastic deformation on the cooling part of the curve as shown in Figure 3. This could
be partly accounted for by fitting only the sections of the stress-strain curve, which lieona
straight line. Figure 4A shows the corrected stiffness that remained large over all
temperatures and is in agreement with other reported values. Figure 4B shows the VAF.
Transitions to either the high (Austenite) or low (Martensite) temperature states were
associated with a moderate decrease (<30%) in the fiber stiffness (see Methods for details
of the measurement). This suggests that there is also a third state in the sample, which is
confirmed by the resistivity curve shown in Figure 5. The resistivity curve clearly indicates
an R phase with low hysteresis at intermediate temperatures (between 20 °C and 70 °C),

and the martensite phase at lower temperatures.

(Figure 2, 3, 4, and 5 near here)



Figure 6A shows the effect of a 0.5 ms 60 V pulse of current on a fiber that was
maintained at room temperature in air. The pulse is sufficient to heat the fiber above its
transition temperature and there is a 4% change in length that then decays exponentially
with a time constant of about 0.5 s. With larger pulses (80 V) the response saturates at a
length change near 9 mm for several hundred milliseconds, but then decays more rapidly.
A similar experiment is shown in Figure 6B in water. The cooling and the relengthening
associated with the pulse of current is much quicker, even though the pulse is longer (5
ms, 36 V). The 6.4 mm shortening and relengthening is all completed in about 100 ms.

(Figure 6 near here)

Using two fibers in series and activating them sequentially produced even better
temporal resolution. Figure 7A shows the effect of pulses separated by 100 ms. Both
pulses were 80 V, but the pulse to the second fiber was longer than that to the first (1.3 vs
1.0 ms). Although the length changes cancel out, the force from each pulse will sum as
shown in Figure 7B. The speed of shortening and lengthening that is possible is seen in
Figure 7C in which the interval between the two pulses was shortened to 1 ms. The width
of the response is only 1.6 ms, which is more than an order of magnitude better than fast
twitch muscle fibers. The velocity of shortening was nearly 1.7 m/s or 17 fiber lengths/s,

which again is an extraordinarily high value, compared to muscle.

(Figure 7 near here)



The use of very short pulses has other important consequences. Figure 8A shows the
effect of different duration pulses in terms of the energy requirements in VA ms. There is
little difference in the length change produced for a given energy input with inputs briefer
than about 2 ms, but the efficiency is less with longer pulses (5 or 10 ms). Efficiency was
studied more carefully in a second series of experiments. The integral of force times length
represents the work done which can be compared to the electrical energy input. The
efficiency is low (little work is done) for energy inputs less than 1 Joule, but increases
rapidly to between 2 and 3% for larger energy inputs. A steady stress of 40 MPa was
applied in this series of experiments, which were conducted with the fibers in water at
room temperature. The energy efficiency was relatively constant for pulses below 5 ms,

but declined abruptly for longer duration pulses (not shown).

(Figure 8 near here)

The energy efficiency is relatively low, but was not optimized in these experiments.
Two factors could be varied to improve efficiency: first the force could be altered since
the length change depends on force. Figure 9A shows the effect of varying the force on
the length change and the product of force and length. The optimal efficiency was
obtained at a force level of 4. N in this experiment, but was only 1.3%. The speed of
shortening is also reduced at higher force levels as shown in Figure 9B. Secondly, the
temperature of the bath could be maintained nearer to the transition temperature so that

less energy than the 1 Joule, shown in Figure 8 would be required. Of course, some energy



will be required to maintain a higher bath temperature and the reverse transition will be
slower. The dissipation of the applied energy into air will also be less than into water, but

this severely restricts the speed, as described above.

(Figure 9 near here)

One final point of interest is the response of the system to series of pulses. In Figure
10 responses are superimposed for 1, 2, 5, 10, 15 and 25 pulses at 5 ms intervals. Each
pulse was 55 V and 1 ms in duration. With the fiber in water, the total response to one
pulse was quite brief (20 ms), but subsequent pulses could add to the response and
maintain a partially fused contraction. At higher rates the response would be completely
fused. This behavior is reminiscent of the twitch and tetanic behavior of muscle fibers
when stimulated with a brief pulse (the action potential) and a series of such pulses at
various frequencies. This pulse code modulation may be a more efficient way of activating

NiTi fibers, as well as muscle fibers.

(Figure 10 near here)

Discussion
The thermodynamics of martensitic transformations is complex and not fully

understood yet. There have been many modeling attempts and it is generally assumed that

martensitic transformations occur at close to the speed of sound in the alloy and that the



temperature completely determines the thermodynamic state of the martensitic
transformations. Hirose et al. (1989) and Ikuta et al. (1991) assumed in their lumped
model that the martensitic transformations occur instantaneously and any dynamics are
related to heat exchanges to heat or cool the fiber. More recently Lu (1997) used a similar
approach and combined Ikuta’s model with the thermal time constant of the NiTi fiber.
Experimentally Leo et al. (1992) have found that the hysteresis curve of superelastic alloys
depends on the strain rate. Similarly Shaw (1997) recorded thermal images of the
nucleation and propagation of phase transformation fronts in a NiTi alloy and illustrated a
process in which the latent heat released or absorbed in a superelastic alloy in air is
sufficient to heat or cool the metal and contribute to the martensitic transformations.

However this process does not occur when the fiber is immersed in a liquid and the stress-

strain curve of superelastic alloys is well defined.

In real alloy crystals the martensitic transformations depend on several factors such as
plasticity. Silling (1992) developed a mathematical model where he showed that
martensitic plates can propagate at subsonic speeds. The results observed in Figure 1
however clearly indicate hysteresis in the stress-strain curve of a shape memory alloy
material which depends on the heating or cooling rate. This indicates a dynamic process
by which martensitic transformations occur at a low speed. To further test this possibility,
the state of martensitic transformations was measured by resistivity when the alloy was
subjected very rapidly to a large temperature change and then kept at a constant

temperature. There was a very rapid change in resistivity over temperatures where only

transitions to the intermediate R-phase are expected. The results for larger changes are

10



given in Figure 11, where the NiTi alloy temperature was between 95 °C and -16 °C. It
can be clearly seen that the resistivity decreases almost instantaneously when the fiber is
heated to 95 °C. However when the fiber is cooled down to —16 °C the resistivity changes
very slowly which indicates that even after 20 seconds the transformations are not fully
completed yet. In this alloy the resistivity of the parent phase is 0.78 uQ-m, the resistivity
of the R phase is .92 uQ-m and the resistivity of the martensitic state is .86 uQQ-m. When
cooled, the R phase appears very quickly and rapidly transforms into the M phase. When
heated, however, the R phase does not seem to reappear completely and there is a
significant portion of the M phase that transforms directly to the parent phase. Based on
these considerations a model of the transformations is being developed to explain the

results displayed in Figure 1 and will be presented in a future paper.

(Figure 11 near here)
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Figure 1 Hysteresis in length versus rate of change in Temperature. Top curve (A)
shows how the relative fiber length changes as the temperature is cycled between —20 °C
and 120 °C. The bottom curve (B) shows the hysteresis width as a function of the

temperature rate change.
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Figure 2 Modulus of elasticity of the NiTi fiber as a function of temperature obtained
from a triangular change in stress. Figure 2A (top) gives Young Modulus obtained
from fitting the input stress to the measured strain. Figure 2B (bottom) gives the
Variance Accounted For (VAF) which indicates the goodness of fit.
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Figure 5 The resistivity curve for the NiTi sample clearly shows a large resistivity
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small hysteresis.
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Figure 6 The relaxation times of NiTi fibers are displayed in the two plots
above. The curves at the top (A) show relaxation times in air for different
voltages applied to the fiber. The relaxation time shown below (B) is
much shorter and is typical of relaxation times observed in water.
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Figure 7 Displacement and force response of a NiTi fiber subjected to two pulses
stimulating opposite halves of the fiber. Figure 7A at the top shows the rapid
displacement. Figure 7B in the middle displays the force and Figure 7C at the
bottom displays the fiber displacement when the pulses are separated by 1ms.
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Figure 8 The mechanical work done by a NiTi fiber is a function of the force
against which it is acting as show in Figure 8A at the top. Figure 8B at the bottom
shows the efficiency of conversion from electrical energy to mechanical work.
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Figure 10 The curves above correspond to the displacement of a NiTi fiber when
subjected to a number of pulses applied at 20ms intervals. The individual pulse
responses fuse together like in muscle. At shorter intervals the individual responses

would be completely fused.

22



120

100

Temperature (oC)

20

-20

0 20 40 60 80 100
Time (8)

0.95

1 I S N

Resistivity ()
o
0
»n

0.80 1

0.7
0 20 40 60 80 100
Time (s)

Figure 11 The temperature of a NiTi fiber was suddenly changed by transferring the
fiber quickly between a hot water bath at 950C and a cold water bath at —16 °C.
The corresponding temperature changes as measured by a thermocouple are
indicated in Figure 10A above and the corresponding resistivity changes are shown
in Figure 10B below.
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FAST REVERSIBLE NITI FIBERS FOR USE IN MICROROBOTICS

Ian W. Hunter, Serge Lafontaine, John M. Hollerbach and Peter J. Hunter
Biorobotics Laboratory, Department of Biomedical Engineering,
McGill University, 3775 University Street, Montreal, Canada H3A 2B4

ABSTRACT

We report the experimentally determined characteristics
of NiTi fibers which have been modified using a preperation
procedure in which the fibers were subjected to brief very
large current pulses during forced stretching. The modified
fibers contract and relsax fastencugh to be of use in micro-ro-
botics. The modified fibers generste 2 maximum extrapo-
lated stress of 230 MN/m? and yield s peak measured power/
mass approaching 50 kW/kg. The theory of a micro-actuator
incorporating the modified fibers is presented.

INTRODUCTION

The shape memory alloy Nili generates lasge forces
(>100 MN/m?) with substantial displacements (up to 10%
strain), and appears to hold considerable promise as an actua-
tor either in fiber form in robotics (1) or in thin film form in
micro~mechanics (2][3](4]. Two drawbacks that have Iim-
ited the usefulness of NiTi actustors are (1) low bandwidth
(around 1 Hzin fiber form {1] and S Bz in thin film form (4])
and (2) nonlinear dynamics. The low bandwidth is due 1o the
long relaxation time which is usually assumed 1o be deter-
mined by the relatdvely long cooling thermal time constant.

EXPERIMENTAL APPARATUS
Figure 1 shaws a skeiwch of the apparatus used to perform

coolant

"""\m e

i clamp clamp :
dupnwn sducer and +ve snd-ve -d:: “ull te
electrode electrode -

Figure 1. Experimental apparatus used to determine
-NiTi fiber properties.

mechanical experiments on the NiTi fibers. A NiTi fiber is
clamped between a force mansdocer at one end and a linear
motor and displacement transducer at the other end. The dis-
placement ransducer was a lateral effect photodiode with a
flar bandwidth 1o 1 kHz The foree transducer was a strain

gaged proving ring with a flat bandwidth to 1 kH2 Exwenasl
forces were spplied using a servo—controlled electrormagnet-
ic [inear (voice—cail) motor. The NiTi fibers were immersed
in recirculating methanol which was stirred and cooled to
~10°C. All experiments were under computer control and
force and displacernent data were ssmpled vis 12 bit A/Ds.
The NiTi fibers were subiected to either sustained constant
currents of computer controlled current pulses delivered us-
ing 200 A power-MOSFETS.

NiTi Fiber Modification

Figure 2 shows the contraction of a 100 mm loag 0.8 mm

4

Displacement (mm)
»~
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Time (ms)
Figure 2. Changein length of 2 0.8 mmdiameter 100 mm
long NiTi fiber following a brief current pulse.

diameter NiTi fiber following a single brief current pulse.
The relaxation back to it original length is slow compared
with the contraction time. Indeed in robotic applications the
time taken to relax is usually much longer than this because
cooling conditions were very favarabie here. We tried a vani-
ety of cooling methods including vortex cooling and Pelter
effect heat pumps without significant improvements.

We have attempted to shorten the relaxation time and have
found that by expasing NiTi fibers to very large brief current
puises (> 10° A/m® which may be generated for example us-
ing 2000 A radar thyristers) during externally imposed short-
ening and lengthening cycles we can change their propertics.
The altered NiTi now will both shorten and lengthen very rap-
idly as shown in Figure 3. The time course of this twitch re-
sponse is shown in more dewil in Figure 4. [t is unclearto us
why the relaxation time has changed so drarnatically. Ttcould
be that the material propertics have been altered in some way
and/oc that mechanical recoil via the NiTi stffness is in-
volved.
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CHARACTERISTICS

We now present the resalt of experiments performed to
characterize the mechanical properties of the modified NiTi

_Force

©  When the modified NiTi fibers are subjected o a constant
load (via the linear motor) they prodace a pesk force which
if greater than the imposed load canses shortening. The dif-
ference between the peak force generated and the imposed
load (ie., incremental stress) is a fonction of the imposed
load (ic., applied stress) as shown in Figure S. This figure
also shows that the linear extrapolated force at which the load
force equals the force generated (ie., incremental force is
2ero) corresponds to a stress of 235 MN/m?2, For comparison
g:ommmwummmnm

Power/Mass

The peak powerfmass of these modified NiTi fibers is a
function of extemnally impased stress as shown in Figure 6.
When loaded to a stress of 100 MN/m? the modified fibers
produce s power/mass of nesrly 50 kW/kg. For comparison

the peak power/mass generaed by humas skeletal muscle is
about 200 W/kg (sbout 50 W/kg suswmined).
% Contraction

When heated with consant amplitude and duration cur-
rent pulses the maximum shortening strain achieved by the

&~
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Figure €. Peak power/mass of modified NiTi fiber.

modified fibers is a furction of externally imposed swress as

shown in Figure 7. Note that even with a load of 100 MN/m?

the fibers shorten by over 1%.

Shortening Velocity

‘The stain rate (shartening velocity) is a monatonically
decreasing function of load as shown in Figure 8. Note that
at zero imposed load the strain rate is 3 s~2 and even with an
imposed load of 100 MN/m? is still 1 5! .

Comparisons
Hence it now appears that NiTi can be made fast enough
S 2 MACTO OF micro actsator, with impressive force/mass and

power/mass ratios. Figure 9 shows a comparison of the pow-
er/fmass of natre's sctustor muscle, modified NiTi and a

" range of afrcraft internal combustion engines. The modified

NiTi has a peak powerfmass about 100 times greater than
muscle. However the comparison does not take into consider-
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Figure 8 Peak shortwening velocity (stmain rate) of
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ation the mass of the cooling system surrounding the NaTi fi-
ber. When this is done both the peak swess generated and
power/mass of muscle and modified NiTi are similar

The Table shows a comparison of some propertics of mo-
dified NiTiand muscle (human skeletal). Itis important 1o re-
member that some of the values for the NiTi shown in the
Table will be considerably less when the mass and volume of
the cooling system is included.

NONLINEAR PROPERTIES AND CONTROL

The elecaomechanical properties of the NiTi fibers are
dynamically nonlinear and time-varying [10). For effective
conuolohheﬁbasforfumnhtvefomﬂm

: time—varying system
niques. These techniques {6.7] also bold coasiderable prom-
ise for use in characterizing the properties of other micro—-ec-
tuator technologies.

R,
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Figure 9. The peak powers produced by modified
N‘nfbers.anageofmmhmmucombusnon

engines and human muscle.

mmmmm%;%
Maximum teasion (kN/m?) >200,000 aso
Maximum power/mass (W/kg) | >30,000 <500
Maximum strain rate (s) >3 <2
Typiical max. dispiacement (%) s 20
Power efficiency (%) >1 >35S

Various control schemes have been used to control NiTi
fibers [8.9.10).When forces larger than a single fiber can pro-
duce must be generated the NiTi fiber are arranged in paratle!
mechanically. When this is done we have found that a combi-
nation of pulse rate modulation and recruitment of fibers may
be used to control force. This same scheme is used in nawre
in the nearomuscular control of whole muscle (muscle fiber
bundles) force. Indeed for high bandwidth applications say
single NiTi fiber should not be restimulated for s few
hundred milliseconds to enable it to fully recaver 10 its origi-
nal siate (see Figure 4 where it may be observed that the fiber
npidly lengthens only by about 2/3 and then for the remain-
ing 1/3 recovers more slowly).

CONTRACTION OF FIBRE WOUND CYLINDER
‘We now consider & microactuator design which can make
use of the properties of the modified NiTi fibers. We propose
using small controlled length changes of the NiTi fibers to
produce a lasge displacement, large force microactuator 35
follows. The NiT! fiber is wound around a cylindrical be of
length 1, radius r and coasant volume

Vel a



as shown in Figure 10. If the pitch of the belix is p, one turmn

x.rﬂ:. x
y=rsiné . ! Tl_zeucotchanpotcylirmrlmgﬂuwithmpectmrﬁins
x"” ' Em-. : ~
(i.e. one mm ﬂ--di.g :-ﬁ ©6)
advances 2xrp) \em—— de dr ds ‘.’:
n tums
Figure 10. Fiber wound cylinder micro—actuatoc. where, fromEquations 2 and 3,
corresponds to an axial distance of 2xrp . and the length for d
amms is ds _és) 4ds ®_ L, s, Xp dp
dr‘JrL"de'dr Zilep 1+p> dr
[ = rpa2x )
The length of fibre in one turn is where %-— 3 3-2
r
2 = .
:-IJ&’+J)’+4§-r!J{+p’Q-hJI¢p‘ (6)) gves .
-
0 o ﬂg Jl#p: 3", :kl -
using the rectangular canesian coordinates x =rcosé, dr V1+p? 149
y=rsin® and 2 = rpf shown in Figure 10. and bence Equation 6 becomes
From Equatioa 1, with V constant, dl_ av /l'ﬂ,z - /l+.u3 -
a ds = x 2x( -2 P2~
= @
This relationship is plotted in Figure 11, which shows the sin-
and from Equations 1 and 2 gnlubeh:viotmﬁngnp=715-
? Noteifp =0 -;
dl L G v
2; fibre conmraction = - ﬁ:l’. .
cylinder elongation xr

i

a= m-l-;i- 3526

fibre contmaction = cylinder shonening
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‘length (i.e., amplification factor).

Figure 11. The effect of fibre pitch, p, on the ratio between the change in cylinder length and the change in fiber
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For a given consant volome V, fiber-turn length 5, and
number of turns a. the radius, length and pisch of the cylinder
can be caiculated as follows: From Equations 1, 3and §

,Jg( s V. ¥
2e/1+p 2nxp
gives
nps® = ax(1 +pAtv @)

Puting p = ana, where & is the angle subtended by the
mngent (o the fiber in the circumferential direction, Equation
8 becormes

¢ +p'-')'§=su:‘¢

and Equation § becomes

(4
nsuna = Axsec’a V or sinacoszc=%-

Now if we put sing=x

or

O-x+am0 where a:%v-

Solving this cubic equation forx yields the pitch p, fora given
volume V and fiber length 5. The cylinder radius and length
then follow from Equations 2 and 3.

At p=715.conespondiagtomeﬁhcrnnkin;m angle

a=un"p = 35.26°with the circumferential direction. the
fiber leagth 5. is 3 minimum and the rate of cylindrical length
change with fiber length change is infinite (here we are con-
sidering kinematics only — of course the forces required to
achieve this length change woald be correspondingly large).
When the pitch is less than this critical value contraction of
the fiber causes the cylinder (o0 lengthen and the pitch to in-
crease. Similarty, for an initial pitch greawer than the critical
value, fiber contraction leads o cytinder contraction or fiber
lengthening to cylinder lengthening. Thus, by suitably ad-
justing the shape of the cylinder and hence the initial pitch

priorto controlled fiber contraction or lengthening, thecylin-

der length can be controlled with a desired mechanical ampli-
fication factor.
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TEMPERATURE DEPENDENCE OF NIT1 FIBER IMPEDANCE
Serge Lafontaine, Kunbao Cai and Ian W. Hunter,

Biorobotics Laboratory, Department of Biomedical Engineering,
McGill University, Montréal, Québec, Canada H3A 2B4

INTRODUCTION

We (Hunter and Lafontaine) have recently developed a technique to produce NiTi shape-memory alloy
fibers which are faster and more powerful than fast twitch skeletal muscle fibers. Some of the characteristics
of these “artificial muscle” fibers have been reported in Hunter et al. (1,2). However much research needs
to be undertaken before these fibers will be understood sufficienty to control them effectively. In this paper
we cxamine the dependence of the electrical impedance of these fibers on temperature. The original goal
of this work was to find a method to control the length and force of these fibers under dynamic conditions
using electrical impedance as a state variable. The motivation comes from previous studies in which the
rcsisst?nce changehit;.NiTi ﬁb;ts‘mhas been medd‘m during the reversible mamnsnl’ ite to austenite suﬁ'lmm
transformation which occurs with temperature ge. A companion paper explores the change in sti
of these NiTi fibers over the same temperature range(3). *P

APPARATUS AND PROCEDURE

Our original NiTi testing apparatus used a linear actuator having a rather limited peak continuous force
generation capacity. We have recently rebuilt this apparatus using a much more powerfuli linear electromag-
netic actuator (Briiel and Kjzr, model 4808) with a 187 N continuous force capability. This actuator is driv-
en by custom built dual 2000 W water—cooled low—noise (class A/B) power amplifiers (100 kHz band-
width). Movement of the actuator is measured by an inductive displacement transducer (Data Instruments,
Fastar FS380) which has a flat frequency response to 15 kHz. The strain gage force transducer (Omega Engi-
neering, Inc. LCC200 shear beam type) and associated amplifier has a similar frequency response. Static
changes in the length of the NiTi fibers are made via the digital micrometer (Mitutoyo, 1 m increment).
The NiTi fiber resistance is measured by an 8.5 digit multimeter (HP 3458A) and its impedance over a 100
Hz to 15 MHz range by an impedance analyzer (HP4194). Both resistance and impedance are measured us-
ing the standard four wire (Kelvin) technique.

The NiTi is bathed in a 50% methanol-water mix which is pumped through a 1200 W refrigeration unit
(Polyscience, model KR—60A). The temperature of the methanol immediately adjacent to the NiTi fiber is
measured with a semiconductor temperature transducer (LM35) with a linearity better than 0.3 °C. The tem-
perature of the NiTi bath is controlled over a —10 to 70 °C range by a variable voltage heater (peak 3000
W) in series with the refrigeration unit. The apparatus is controlled by an IBM RISC System/6000-320
workstation running an early version of Fortran90. The various instruments are controlled viz an JEEE488
bus connected to the computer. Impedance frequency response functions were taken every 2 °C temperature
increment and the resistzace every 1 °C.

RESULTS

Figure 1 shows the impedance frequency response (magnitude only) function obtained at 20 °C. Notice
that the impedance is flat to about 300 kHz above which it abruptly increases. Figure 2 shows the impedance
at DC (i.e., resistance) plotted as a function of tem . For the dimensions of the NiTi fiber used here
(177 mm long, 0.8 mm diameter) a resistance of 0.36 Q cormresponds to a resistivity of 1 u£2-m. We find that
changes in impedance with temperature below 300 kHz closely follow changes in resistance.

CONCLUSIONS

We have made the first detailed measmememsofNi’E;-:&edmous a function of frequency and tempera-
ture and observed that the impedance does not differm y from the resistance up to a few hundred kHz.
Impedance measurements should therefore reflect as well changes in the martensite to austenite transforma-
tion as DC measurements. It has been suggested (4) that there is a one~-to—one correspondence between
resistance and transformation ratio from a martensite to austenite phase, and that resistance can be used as



a state variable in NiTi actuator control. The in resistance reported by others (e.g-, 4) is typically
in the order of 15-30% for NiTi wire wound in the of a coil spring. Unlike taught wires (as here),
coil springs are free to change dimension during tempersture ﬁ the cross~sectional area and length
of a matenial are free to change with iemperature (via thermal expansion or otherwise), the measured resis-
tance will be found to change even when the material has a constant resistivity. The change in resistance
observed here should reflect more closely the change in resistivity of NiTi than most other measurements.

In an actuator where the NiTi fiber is submitred to stresses, like those caused by extemal loads and distur-
bances, stress induced marteasitic transformations occur. The resistance of NiTi is a function of resistivity,
dimensions, temperature and the transformation ratio of martensite to austenite phases (5). The reason why
the resistance change reported here is smaller is probably due to stress induce martensitic transformation
andaisobwauseofmoze tightly controlled dimensions. It may be that the resistivity, even in loosely
constrained fibers, may not change as much as the resistance. In order to better understand these results and
to gather a more informative set of measurements for control purposes we are currently performing experi-
ments to measure the impedance as a function of temperature at different levels of stresses, and also measure
d:: impedance as a function of stress at different temperatures, measuring continuously dimensional
changes.
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Chapter 5 An Application:
A Rotary SMA Motor

Currently the electric motor is the major alternative being developed to replace
the internal combustion engine in automobiles. Internal combustion engines have
power/mass ratios in the order of 1 kW/kg and utilize the 43 MJ/kg energy density of
gasoline with about 35% efficiency at the crankshaft, or 25% efficiency at the driving
wheels. Thus, the effective energy density of gasoline engines is about 10 MJ/kg. By
comparison, high-revving electric motors can be over 90% efficient, but generate
considerably less power/mass and typically draw on low energy density battery
technology, e.g. lead-acid at 0.15 MJY/kg. We have developed powerful novel contractile-
fiber technologies; they could potentially lead to a superior alternative to the use of

electric motors for automotive propulsion.

As discussed in earlier chapters, this contractile fiber technology is an electrically-
activated, shape-memory, contractile alloy actuator, which generates over 235 MN/m?,
and contracts by up to 8% of its rest length. We have measured power/mass ratios
exceeding 100 kW/kg and have developed a demonstration rotary motor that spins at
more than 15 revolutions per second (ie. 900 RPM). Unlike an internal combustion
engine and a high-revving electric motor, our shape-memory alloy rotary motor generates
peak torque at 0 revs, and can accelerate very quickly. Furthermore, the torque/mass ratio

of this motor is orders of magnitude higher than that of a direct-drive electric motor.
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Indeed, the motor is sufficiently small and light to be mounted inside the wheels of a
vehicle. With all four wheels so-equipped, traction control, variable four-wheel drive,
independent wheel-speed control, etc. become largely software control issues. With this
engine-in-the-wheel approach, engine replacement could be as simple as changing the
wheel. Unfortunately, the efficiencies of these shape-memory alloy motors is currently
low. which in part motivates development of an alternative contractile material fabricated
from conducting polymers and new types of shape memory alloys. The results of this
materials research will not be conclusive for at least 2 to 3 years (Madden et al., 1996). In
the meantime, the memory-alloy offers the potential to at least match the efficiencies of
the gas combustion engine. In other words, while the efficiencies of NiTi actuators are
not yet high enough to justify application in an autonomous vehicle, there are two
principal reasons for pursuing this research. (1) The feasibility of the concept is
demonstrated, allowing future versions to incorporate higher efficiency fiber actuators
(either improved efficiency NiTi fibers, or conducting polymer actuators), and improved
battery technology (e.g. Li polyaniline batteries having 10 times the energy density of
lead acid batteries). (2) There are a number of non-autonomous or non-continuously
running applications where the high torque to mass and high power to mass of the NiTi
actuators are beneficial and where efficiency is not critical. Some of the latter are

mentioned below under automotive applications.

In this project we have developed an early prototype of a NiTi rotary engine
which could be used to study issues such geometric design and control strategies
common to the new wheel design, regardless of the selected contractile material.

Knowledge of the contractile impulse response should be sufficient to adapt the new



wheel to various actuator-fiber materials.

Plate 5.1 shows our first early prototype of a rotary engine. It used only one NiTi
fiber to activate a water wheel. We have observed rates as high as 20 RPM with this
wheel. Given that there was only one fiber it had to be started manually. A Hall effect
sensor detected the position of the wheel which then triggered at the right moment either
a HEXFET or IGBT to send a current pulse to the fiber.

A second prototype was subsequently built. This prototype, with 8 dual fibers can

self-start and is described in this chapter.

5.1 Autometive Applications

Besides replacing combustion engines there are a number of other applications of
shape memory alloys in cars. In a modern car there are more than 100 actuators used to
control the engine, the transmission, suspension, seats, and windshield wipers. Shape
memory alloy actuators been considered for a number of thermal control and
management systems, including the radiator shutter, fan clutch, climate control, engine
radiator control and brake ventilation. Table 5.2 lists the main thermal actuators in a car

that could be controlled with shape memory alloys.

Doors in an automobile for example are extremely difficult to manufacture
because of the large number of motors and amount of electrical cabling that must be
included. They include actuators for lifting the windows, moving the external mirror and
locking the doors. Shape memory actuators would offer the benefit of actuation in a very

small space and hence greatly facilitate the design of cars.



Another potential application involves the safety belt. The main reason why
people die from a car accident is the sudden deceleration of the body. The heart is not
firmly attached inside the torso and the seat belt always has a certain amount of slack. In
the case of a collision it therefore takes some time before the body is decelerated by the
safety belt. When the torso hits the safety belt and after the belt is locked, enormous
forces stop the body. The heart is already in motion and is only retained by arteries and
blood vessels that can rip apart under the tremendous forces required to decelerate the
heart. Shape memory alloy fibers could pretension the safety belt very quickly in case of

impact and save many lives.

Other applications include adjusting body seats to conform to the driver’s
morphology. There are over 6 actuators right now in a car seat. Shape memory alloys
could allow many more degrees of freedom. Another important application is windshield
wipers. Current motors are large, bulky and consume large currents. Shape memory

alloys could also serve in highly efficient windshield washer fluid pump.

5.2 Rotary Motor for Car Engines

The main application considered here is for in-wheel rotary motors. There is
currently no research on completely new design technologies for automotive engines.
Most car manufacturers work on electric vehicles. Electric motors have been in existence
for a long time and most of the new vehicles will consist of hybrid vehicles where a
standard gas engine or Sterling engine will activate an electric generator that will in turn

power a central electric motor. A large amount of research also goes into improving
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existing combustion engines from incremental improvements such as actuating each

piston valve independently with electric actuators for example.

What we advocate however is that research should be done on completely
different rotary motor technologies for cars. One such design is a rotary motor with
synthetic muscle actuators inside the wheel. The artificial muscle actuators would be
fixed at one end to a crankshaft and at the other end fixed circularly around the shaft. The
shaft would then power the wheel. The ideal design would also include the control
electronics right inside the wheels. IGBT’s can switch extremely large currents in a very
small space and power to the wheel could be transmitted inductively above 100 kHz for a

totally wireless assembly.

We already referred in Chapter 2 to heat engines that ran rotary motors from NiTi
shape memory alloy fibers or springs (Funakubo, 1987; Duerig et al., 1990; Gilbertson,
1994). Banks designed a sun-powered motor that used an offset crank engine and ran for
millions of cycles at 1 Hz (Zmuda, 1974). Other rotary engines mentioned by Funakubo
(1987) include Johnson’s thermal engine that was scalable and was based on the Chinese
differential pulley. A small version of this was commercialized as the TiNi-1 generated 1
watt of power. McDonnell Douglas developed a 32 W engine based on one hundred 50
pm diameter fibers. The rotative Banks engine developed by Glasauer and Miiller (1996)
based on NiTi fibers produced a torque of 15 N-m and revolved at 20 RPM.

NiTi rotary engines with offset cranks have been designed previously (Funakubo,
1987). Ginel’s offset crank engine that used coiled NiTi springs was extremely limited in
the torque that could be produced. A reciprocal offset crank engine has also been

designed based again on coiled-springs. The main disadvantage of this design is that
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fibers are arranged inline like pistons and activate individually a different segment of the
crankshaft. The only rotary motors that have been designed that were not thermal engines
were the “Kick™ engine and the “Stepping” Engine (Funakubo, 1987) which also made
use of coiled springs. Gabriel er al. (1988) developed a micro-rotary engine where a
twisted fiber rotated by changing the state of the shape memory alloy. This motor is not

easily scalable nor can it turn continuously in the same direction.

Wiper pressure control Foglamp Louver

Seat-belt adjustment Engine hood lock

Shock absorbers Retractable head-light

Trunk Lock Fuel management
Suspension Adjustment Engine control

Central locking system Transmission control

Filler inlet lock Climate control

Windshield Wipers Rear-view mirror adjustment
Wheel lateral control

Table 5.1 List of possible applications of shape memory alloy
actuators in a car.
The limitations of shape memory alloys as actuators have been discussed in
Chapter Two. Large improvements in material properties and or battery technology need
to be made before considering seriously NiTi as a viable technology for car engines.

NiTi is however only one artificial muscle technology. There are projects on alternate

5-6



materials, and recently rapid advances have been made on conducting polymer actuators
(Madden er al, 1996). One of the most promising classes of materials is electrically
conducting polymers. In the meantime, knowing that better technology is on the horizon,

research can be done on new designs, control strategies and applications.

5.3 Requirements

There are a number of requirements for the design of a car engine. Some useful

general guidelines are listed below.
5.3.1 Peak torque and acceleration.

The peak torque to be generated at the wheel should be approximately 450 N-m.
Given four wheels and a wheel radius of 375 mm, the total force at the wheels should be
4800 N. Assuming a nominal weight of 1000 kg (the typical weight of an electric vehicle
(EV) without the power train), the peak acceleration should be about 0.5 g. Cars are
normally designed to provide an acceleration of 0.5 g for 0.5 s (personal communication

from GM engineers). A sports car such as the Corvette can accelerate at 0.7 g for 0.8 s.
5.3.2 Lifetime

Current combustion engines have an extremely long useful life, exceeding several
hundred thousand kilometers for a car and over 720x10° cycles assuming an average
speed of 50 kmvh and 3000 RPM. This greatly exceeds the capability of shape memory
alloys. However the cost of shape memory alloy is quite low. The motors could be
designed to have a number of redundant fibers in case of breakage. Furthermore the

wheels could be designed to be replaced like tires and serviced at regular intervals, like

5-7



10,000 km, or roughly 5,000,000 cycles. By cycling fibers once every tenth tire rotation,
such performance could be achieved. Note that the fiber redundancy will not cause a
mass problem — the power to mass is so large that the motor itself is a negligible portion

of the mass.

5.3.3 Active braking

All of the new electric vehicles will use active braking and convert kinetic energy

back into electric energy when the driver brakes. Approximately 25% of the car

NiTi fiber (contracted) NiTi fiber (elongated)

Crankshaft

Mass with adjustable
distance

Mass with adjustable
distance

Steel Rod

Figure 5.1 Diagram of the R8 motor flywheel.

inefficiencies when driving in traffic arise from constantly accelerating and decelerating a
car. It is not currently possible to use shape memory materials to convert mechanical
energy into electrical energy. However this will be possible for conducting polymer

actuators.

It is possible to use active braking with NiTi motors and achieve very high
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deceleration rates. Furthermore the braking could be closed-loop as in ABS brakes.

5.4 Experimental Setup

The experimental setup is shown in Plates 5.3 and 5.4. It consists of an R8
engine. There are 8 pairs of fibers arranged circularly as can be seen in Plate 5.2. They
all extend from the periphery where they have individual connections to electronic power
switches (HEXFETs). At the other end they are all connected to a crank (Plate 5.2). The
fibers are electrically connected to the crankshaft where they receive electrical power
from a common source. The motor is designed to work horizontally and the fibers are
kept in water for rapid cooling. On the bottom side of the motor there is a flywheel with a

variable moment of inertia to regulate the motion of the fibers.

A Pentium Pro computer running Windows NT controlled the system. The
National Instruments PCI-MIO-16XE digital /O port was used to control the motor.
Each port was individually connected to a HEXFET that switched the voltage to the
motor. The control was done closed loop and the position of the wheel was acquired from

a potentiometer with output between 0 and 5 V over 360 ° of motion.
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Plate 5.1 First Rotary NiTi motor. This flywheel ran from a single NiTi fiber at up to 1200 RPM.



Inertia of Flywheel 0.004 kg-m’

Flywheel steel rod length 0.25m

Flywheel steel rod diameter 7.8 mm

External Weights Hex Al sections, 25.5 mm OD,
20.4 mm in length

Nuts: hexagonal Steel

OD=13 mm, [D=6.7 mm, L=6.34 mm

Center connecting piece Al Hexagonal rod

OD=21.7 mm, L=36.8 mm

Crankshaft eccentricity 5 mm (adjustable to 4,5,6 mm)
Fiber electrical resistance 4.8 Q (2 in parallel for 2.4 Q)
Fiber length 215 mm

Peak force per NiTi fiber pair 20N

NiTi fiber diameter 250 pm

Peak Torque (per pair of fibers) | 0.1 Nm

Distance of weights in tests 65 mm

Operating Voltage 24048V

Table 5.2 Characteristics of R8 NiTi motor
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Plate §.2 Crankshaft of the R8 engine. The eight fibers terminate on the
crankshaft mounted eccentrically on the main shaft. They are all electrically
connected to a common electrical power source.
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Plate 5.3 R8 NiTi prototype rotary motor.
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5.5 Results

The resulting motor characteristics are shown in Figures 5.2, 5.3 and 5.4, and
Table 5.2 outlines the motor’s physical properties. The peak acceleration recorded was 4
revs/s’ which corresponds to 0.96 g if the wheel had been moving and the radius of wheel
from the axle to the ground was 750 mm. The peak speed that was achieved was 6.5
rotations/s, which corresponds to 55 km/h under similar assumptions. The efficiency
recorded however was very low, in the order of 0.27%. This can be explained partly by
friction in the mechanism. What further contributes to the inefficiencies is that one way
shape memory alloy fibers are used, which had to be stretched passively after their
contraction. Also, even if we recorded theoretical efficiencies of 3% observed in pulse

experiments, there are always losses in the transmission of that power.

The next step in the rotary motor development will be to construct an R128 shape

memory alloy rotary actuator, with 128 fibers, integrated IGBT’s and sensors.
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Figure 5.2 Position signal (A) at the top and speed (B) at the bottom achieved by the
R8 motor. The peak velocity was 6.7 rotations per second.
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Figure 5.4 Efficiency achieved at the beginning of the acceleration. Initially most
of the energy goes into the flywheel. As speed is gained most of the electrical
energy goes into friction and the efficiency drops.

5.6 Conclusions

We have built a new rotary motor. This motor will not be used in the near future
in cars. However it is a prototype that can be used to make further tests on control
algorithms and to look at methods for improving the geometry of future engines. It was
computer controlled and hence speed, acceleration and braking all become software
control issues. This type of motor is self-starting which is a large advantage over the

combustion engine. -
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® Chapter 6 Conclusions
and Future Work

I have in the previous chapters described some advances towards the development
of a synthetic muscle. Much remains to be done however. It was not possible within the
time limits to actually build a synthetic muscle with a large number of fibers, with
individual control, having tendons, thermal, strain and force sensors all of the same
material. The building blocks are in place for the future. In this chapter areas of future

research will be discussed first then the original contributions will be stated.

6.1 Areas of Future Research

The ultimate goal of synthetic muscle technology is to imitate muscle by building
larger actuators from many smaller (ultimately nano-scale) devices. The actuator
considered in this thesis contracts from changes in bulk material properties, which limits
its contractions to approximately 8% of its total length (strain). A second limitation of the
NiTi synthetic muscles is the total lifetime in terms of contractions that can be obtained
before degradation of their response is shortest for large contractions. This is a serious
limitation for many applications but a micro-stepping actuator (like muscle) could

potentially move over much longer strains, and this could be achieved without impairing



their useable lifetime.

Compared with other actuators (e.g. combustion engine) shape memory alloys
were discovered only recently (Chang and Read,1951). They are complex materials and
much remains to be done to properly understand them. New types of shape memory
alloys have been discovered, such as amorphous forms of shape memory alloys (Shi, J.D.
et al., 1996) and shape memory alloys activated electro-magnetically (Ullako er al,
1997). From a materials science viewpoint, control, modeling, optimal control purposes
are all areas that will require more investigation.

More directly related to the research reported in this thesis, further work is
required to understand the mechanism of fast contraction in the fibers that I co-
developed. Time-resolved X-ray diffraction would enable changes in the crystal structure
to be followed as the NiTi is modified and would enable a better understanding of the
contraction mechanism Other measurements, such as differential scanning calorimetry,
additional resistivity measurements, and optical and electron microscopy would be

required to further elucidate the phenomena.

Several new areas of research are suggested by this thesis. Some results strongly
suggest slow dynamics in martensitic transformations. These are extremely relevant from
a control and modeling viewpoint as they may affect the stability of closed-loop systems.
Although there is a strong indication that they exist, as they should be expected from a
material that shows primary phase transformations, more experiments should be
performed to confirm that these are not artifacts and the result of spontaneous nucleation
from energy liberated from the latent heat. This could be revealed by thermal imaging of

the fibers inside the water.
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Further work will be required to complete a mathematical model for control
purposes. This model will need to incorporate all of the major phenomena that are part of
the shape memory effect, such as friction of interfaces, the thermodynamics of the

hysteresis, heat latencies, heat transfer, intermediate transformations, etc.

The R8 NiTi rotary engine has been developed to investigate the geometry,
control and eventual performance of this class of motor. The R8 engine developed in this
thesis has been done in order to develop a tool for further research and it was not the
immediate objective to fully characterize it. The performance under varying voltages,
pulse width, and pulse sequence strategies should be investigated. Optimization could be
done after a proper control model has been fully developed. The immediate next step
(currently underway) will be to build a R128 engine, with more fibers, integrated power
electronics, sensors and control system. This new rotary motor will include also

redundant fibers and will used to test different control algorithms.

Finally one of the most exciting research area for the future is that of conducting
polymers. Out of this single class of materials it is possible to co-fabricate all of the basic
elements required for synthetic actuators and synthetic life forms. These include
actuators, high quantum efficiency light sensors, gas detectors, position sensors, force
sensors, very high energy rechargeable batteries, super-capacitors, transistors (chemfets),
light emitting diodes, wires with very low resistivity in one direction and insulating in the
others, electrochromic windows, electro-magnetic shielding and memory elements.

It will therefore be possible to fabricate all of the building elements of artificial
life forms, including synthetic muscles, nerves, neurons, spindles (length sensors), Golgi

tendon organs (force sensors), for chemical energy storage (like ATP), artificial eyes and
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retina, artificial ears, artificial bones as structural elements, tendons, skin, arteries.
Actuators surpassing a frequency response of 10 Hz have been reported (Madden et al.,
1997). These actuators do not have the same theoretical low efficiency limitations or
limited lifetime as NiTi fibers. Conducting polymers will be one of the most exciting

research areas in the years to come.

6.2 Micro-actuators and their Control.

6.2.1 R-phase based micro-actuators.

Muscle like actuators with enough artificial muscle fibers should be as accurate in
motion as human fingers. However technology has to be improved before we will be able
to build synthetic muscles with a large population of fibers that can be controlled either
individually or in small groups as they are in muscles.

There is another large range of applications where NiTi fibers could be used
individually, in pairs or in small numbers if each one of them could be operated in a
continuous precise manner. One of the great difficulties encountered in this type of
application is that martensitic transformations are first order phase transformations.
Properties change discontinuously during the phase transition and there is a large
hysteresis in temperature at which the transitions occur. Most existing control strategies
fail in this situation.

There is however the intermediate R-phase transition that is a second-order phase
transformation with almost no hysteresis. It is therefore possible to accurately control

NiTi fibers in a graded manner using the R-phase transition. There are limitations to
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these applications because the range of motion that can be achieved from the R-phase is
only 0.5% to 1%. Maximum forces are also smaller. However, for in micro-robotics or
microsurgery large motions are not required. A 100 mm long fiber concealed in a scalpel
could provide motion over 500 um. This is enough to remove tremor from a surgeon’s

hand, to manipulate individual cells or to assemble structures at the micrometer level.

6.2.2 Stochastic control.

There are a number of problems that occur in digital control when high accuracy
is required. Numerical instability often occurs because of ill-conditioned numerical
procedures. A major source of inaccuracies in traditional approaches of the systems
theory literature arises from fitting discrete-time models to sampled data (Pintelon and
Kollar, 1991). At high sampling rates the design of accurate digital controllers also
becomes increasingly difficult. As sampling rates increase, all the poles of difference
equations tend to unity. When the poles differ by a value that is too small to be
represented accurately by the computer’s numerical precision, the difference equation no
longer represents the continuous time system and the system can no longer be identified
accurately. Furthermore as the sampling rate increases the number of floating point
operations also increases and numerical roundoff errors accumulate. This is particularly
the case for many real-time controllers based on embedded digital signal processors,
which currently support only single-precision, or in rare cases extended precision (40
bits).

High sampling rates, typically 5 kHz and above, are used in digital controllers for
most of our control systems. At lower sampling rates, transients caused by discrete

changes in the control signals can be perceived by the human operator either as a
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vibration, a sound (due to mechanical vibrations) or jumps in the trajectory. Lower
control rates can also limit system stability due to additional delays introduced in
feedback loops.

In a preliminary study of this problem, it was shown that numerical instability is
not inherent, and that it can be eliminated using continuous-time models (Gerencsér et ai,
1994; Gerencser and Rissanen, 1986). However the full potential of continuous-time
modeling is still to be explored. The diversity of the literature indicates that continuous-

time identificatior remains a challenge.

The superiority of continuous-time models over discrete-time models can be
restated as the superiority of one parameterization over another one. Parameterization
issues in connection with system identification have been studied for a long time. An
attractive parameterization with a simple range for the parameters is considered in Ober
(1991, 1987). New ways of balancing are also of considerable interest for high-accuracy
control.

One problem in controlling NiTi fibers is their nonlinearity and their time-varying
dynamics. Therefore for accurate control a continuous identification and control strategy
is required. Normally it is difficult to identify a system at the same time that it is
controlled. However it has been shown that identifiability can be obtained at the same
time as control provided that a dither is added to the input signal. The covariance matrix

must be controlled however.

On the other hand, adding a dither degrades the performance of the control
scheme. Therefore there is a balance between identifiability and control that must be

achieved, where a large enough perturbation must be added to achieve identification but
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it has to be kept small in order to preserve the accuracy in controlL

In recent years it has been shown that the stochastic complexity theory developed
by J. Rissanen, IBM Research, San Jose, can be successfully applied to the above
problem of interaction. It has been observed that the problem of computing the effect of
statistical uncertainty on control performance is analogous to computing excess in mean-
codelength when estimated frequencies of the letters of an alphabet are used in an
encoding procedure. The basic problem of applying information theory of stochastic
complexity to the statistical apalysis of linear stochastic systems has been previously
studied.

The stochastic complexity theory is close to real world testing. One of the major
remaining issues is that simulations have been done for first order systems only.
Additional work remains to be performed for the implementation of the theory.
Additional measurements should be taken to characterize more accurately the

thermocouple effect in shape memory alloys.

6.3 Originality of the Research

The research done in this thesis was original from many viewpoints. The major

areas of originality are listed below.

6.3.1 Fibers with fast twitch response

I have co-developed a completely new way to produce fibers that have a fast

twitch response. The same simple technique can also be used to induce the two-way
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shape memory effect in NiTi fibers.
6.3.2 Fibers with two way shape memory effect

The process described in the patent application presents also a new and simple
technique that can be used to induce the two way shape memory effect in NiTi fibers.
Other techniques exist but the process described in the patent is simple compared to most

other techniques.

6.3.3 Stiffness Through in Modulus of Elasticity

I have observed that very large nonlinearities and non-stationarities occur in the
stress-strain relationship when there are sudden decreases in the modulus of elasticity. I

have shown that these can be partly compensated by proper stiffness measurements.
6.3.4 Time dynamics of Martensitic Transformations

I have observed a very large change in hysteresis with changes in the rate at
which the temperature is changed. These measurements indicate that martensitic

transformations can occur much below the speed of sound in the material.
6.3.5 Growing and Attaching NiTi fibers

I have developed a new process to attach NiTi fibers. The new method employs
metal deposits on the fiber or between two fibers or between fibers and other parts,

creating metallic attachments that are mechanically sound and electrically conductive.

6.3.6 Thermo-electric measurements

I have developed a new practical technique to use the thermo-electric effect to
study the state of the martensitic transformations through the new method of attachment

of NiTi fibers. With this technique we were able to record large potential differences



between copper and NiTi fibers of 10 uV/°C.
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SHAPE MEMORY ALLOY FIBERS HAVING
RAPID TWITCH RESPONSE

BACKGROUND OF THE INVENTION

i) Field of the Invention

This invention relates to modified elongate a fibers of
a shape memory alloy, their preparaticn and use as
actuation elements for generation of a working force.

ii) Description of Prior Ant

Meul alloys are known which exhibit a shape mem-
ary effect. Such alloys exhibit a thermoelastic behavior
resulting (rom transportation from a parent phase stable
at an elevated tempersture 10 a martensite phase at a
lower temperature. If the alloy is deformed to a first
particular shape while in the parent phase and is then
shape sdjusted while in the martensite phase to & second
shape. the first shape is resiored when the alloy is
heated 1o the temperature at which transformation from
the martensite phase to the parent phase occurs.

In considering the use of shape memory slloys in
robatics and prosthesis. it is instructive 10 compare the
properties of shape memory alloys with those of skeletal
muscles and the ubiquitous electromagnetic actuators.

In a skeletal muscle of a mammal the tensionr or maxi-
mum force generated per unit cross-sectional area is a
substantially constant 350 kN/m2. In comparison the
maximum substainable force generated by commercial
high performance linear electromagnetic motors is
more than 100 times less. Thus a Bruel & Kjaer linear
motor (Model B & K 4810) generstes a3 maximum ten-
sion of 1.6 kN/m2. A shont muscie having 2 muscle
length which is the same as the muscle diameter can
generate 8 force per unit mass of about 310 N/kg,
whereas Model B & K 4B10 generates only 9 N/kg.
Muscle usually shortens by more than 20% in a limb,
whereas Model B & K 4810 shortens by 8 mazimum of
8¢9¢.

A skeletal muscle comprises a bundle of muscle fi-
bers, generally in parallel relationship. More powerful
muscles have more fibers, and muscles that must
shorten over considerable distances have longer muscle
fibers.

Robot limbs have been constructed using elongate
Ni-T1 .shape memory fibers. A Ni-Ti shape memory
{iber having a diameter of 0.8 mm will generate over
100 MN/m? tension and shonen by up to 10% of its
length. These shape memory fibers suffer a major draw-
back in that the total contraction and relaxation time is
unduly slow and in particular the relaxation time is
unduly slow. These shape memory fibers have a total
contraction and relaxation time slower than both mus-
cle and most electromagnetic sctuators.

SUMMARY OF THE INVENTION

It is an object of this invention to provide an elongate
fiber of a shape memory alloy of modified character.
It is & further object of this invention to provide an

| elongate fiber of shape memary alloy having :hoﬂ

total contraction and relaxstion time.

It is a still further object of this invention toprovnde
a method of producing maodified elongate fibers of a
shape memory alloy.

It is yet another object of this invention to provide an
actuator element for generation of a working force. in
the form of a modified elongate fiber of s shape memory
alloy.
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It is u still further object of this invention to provide
a molor unit for generation of a working force based on
at least one actuator element of the invention.

It has now been found that subjecting an elongate
fiver of a shape memory alloy simultanecusly to s
stretching force and 2 short. powerful electromagnetic
pulse effective to cause contraction of the fiber length
and change material properties, results in a modification
of the shape memory parameters of the fiber: more
especially the modified fiber has a total contraction and
relaxation time much shorter than that of the unmodi-
fied fiber.

In particular the relaxation time of the modified fiber
is much shorter than that of the corresponding unmodi-
fied fiber, with the result that the fiber exhibits a rapid
twitch respoase under stimulation by a current pulse (an
action potential).

The modified elongate fibers may function as an arti-
ficial muscle-like actuator clement for generation of a

working force in robotics or prosthetics and may form .

part of a motor unit for generation of a working force in
robotics or prosthetics.

DESCRIPTION OF PREFERRED
EMBODIMENTS

8) Elongste Fiber

The unmodified elongate fiber employed to produce
the modified fiber of the invenition is formed from a
shape memory metal alloy.

The most widely employed fibers of this type are the
Ni-Ti fibers available under the Trade Mark Nitinol.
The phase transformation temperatures which are a
characteristic of the shape memory are well establishied
and are dependent on the relative proportioas of the
alloying elements Ni and Ti and the optional inclusion
of alloying additives.

Other shape memory alloys include Ag-Cd, Au-Cd,
Au-Cu-Zn, Cu-Al, Cu-Al-N, Cu-Zn. Cu-2n-Al. Cu-Zn-
Ga, Cu-Zn-Si, Cu-Za-Sn. Fe-Pr, Fe-Ni, In-Cd, In-Ti.
Ti-Nb and Ti-Ni.

Commercially available fibers typically have a diame-
ter of 0.01 to 10 mm, usually 0.025 t0 1 mm, usually
greater than 0.1 mm. The length depends on the appli-
cation.

Ni-Ti fibers are preferred fibers of the mvemu:m.
The unmodified fibers typically have a total contrac-
ﬁonudnhntiondmeinexc&ol’l@mfcrlo.a
mm diameter fiber. Typically the contraction time is not
more than about S0 ms, and the relaxation time is in
excess of 950 ms for a 0.8 mm diameter fiber.
b) Modification

The elongate fibers are modified to pmduce modified
fiber exhibiting a change in material properties by the
simultaneous spplication of a stretching force and &
short, powerful, electromagnetic pulse.

In order to achieve this the fiber is suitably connected
at ooe end t0 a ivear clectromagnetic motor and at the
other end 10 2 force transducer. The motor applies &
moderate, linear stretching tenasion (i.e., force/unit
cross-sectionsl area of the fibers), for example, of the
order of 40 MN/m2. A short, very powerful electric
potential is applied across the ends of the fiber 10 pro-
duce an electromagnetic pulse effective to achieve a
contraction in length of the fiber. while the linesr
stretching force is maintained.
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Suitably this electromagnetic pulse has a current
density of 400 to 4000 MA/m2 and is of short duration
S0 as not to destroy the integrity of the fibers.

Ia the case of a pulse of 400 MA/m= the duration of
the pulse is suitably not more than S ms, whereas in the
case of a 4000 MA/m? pulse the duration is suitably not
more than 0.5 ms.

For 2 0.8 mm diameter fiber, suitably about 75 10 125,
preferably about 100 electromagnetic pulses are ap-
plied, and the pulses are required 10 have a high rate of
change of current. Thus for a 0.8 mm diameter fiber a
rate of change of current of 10.000 A/sec. does not
produce a satisfactory madified fiber, whereas 2 rate of
change of current of 200,000 A/sec. does. An optimum
rate of change of current in the pulse is 10% A/sec.

The modification may conveniently be carried out in
a cooling environment to cool the fibre following the
temperature increase associsted with each pulse. For
this purpose the modification is conveniently carried
out with the fiber immersed in a bath of liquid coolant,
for example, 505¢ methanol/505% water at =20° C.

¢) Modified Fibers

The modified shape memory slloy fibers of the inven-
tion exhibit a rapid twitch response under stimulation
by an action potential, the twitch being the contraction
and relaxation exhibiled by the modified elongate fiber
in response to the stimulation.

The action potential which serves as stimulation may
suitably take the form of a brief current pulse of fixed
amplitude and duraticn. for example, for a 0.8 mm diam-
eter fiber, a pulse of about 50 A for a ! ms duration. The
pulse heats the fiber causing rapid contraction to the
memory state which contraction is followed by a rapid
relaxation. _

The modified fibers more particularly have for a 0.8
mm diameter fiber a twitch response of less than 40 ms,
of which the contraction rise time is not more than 10
ms and the relaxation decay time is about 60% com-
pleted in 15 ms.

Applications

The modified fibers of the invention find use in appli-
cations in which they function as actuator elements for
generation of a working force.

Thus the fibers may be employed in motor units to
simulate an srificial muscle in robotics or prosthetics.

Such an artificial muscle would cousist of a number
of motor units arranged in parsilel. The aumber of
motor units employed is a function of the total force
required by the artificial muscle. The more motor units
employed, the greater the total force produce.

Each motor unit may comprise 8 bundle of discrete
elongate modified fibers in side-by-side parallel relation-
ship and electrically insulated from each other along
their length. In this case the fibers are electrically in
parallel relationship. Alternatively a motor unit may
comprise a single elongate modified fiber arranged in a
sinusoidal-like path to provide lengths of the fiber in
side-by-side paralle! relationship; the side-by-side
lengths being electrically insulated from each other. In
this case the lengths of fiber are electrically in series
relationship.

A motor unit containing a bundle of modified fibers
may typically contain S to 15, more usually 10 fibers.
The fibers of different motor units of an artificial muscle
may be stimulated independently by separate pulses or
pulse sources, more especially sequentially. In this way
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it is possible 10 operate the unit while avoiding restimu-
lation of a stimulated fiber which has not completed the
relaxation phase; and the working force is generated by
a combination of rate and recruitment.

Re-stimulation of a plurality of stimulated fibers dur-
ing the relaxation phase resulis in a non-linear summa-
tion of the generated forces producing a saturated or
constant force level termed the teunic force.

A pair of artificial muscles each comprising a collec-
tion of motor units in parallel may be arranged as an
sgonist-antagonistic pair which act in opposition but
not simuluneously; in this way a working force may be
getnerated by contraction of the fibers of one artificial
muscle of the pair for work in one direction, followed
by work in the other direction by the other arificial
muscle; the agonist-antagonist pair can also be stimu-
Iated simultaneously to produce a stiffening effect.

If increased working force is required this can be
achieved by employing more fibers, i.c.. recruitments, or
by stimulating the fibers more rapidiy.

BRIEF DESCRIPTION OF DRAWINGS

The invention is further illustrated and explained by
reference to the accompanying drawings, in which:

FIG. 1 illustrates graphically the twitch response of a
prior art, unmodified shape memory alloy fiber;

FIGS. 2 and 3 illustrate graphically the twitch re-
sponse of a modified fiber of the invention,

FIG. 4 illustrates schematically & motor unit of the
invention in s first embodiment, and

FIG. § illustrates schematically a motor unit of the
invention in a second embodiment.

DESCRIPTION WITH REFERENCE TO THE
DRAWINGS

With further reference to FIG. 1. there is illustrated
the twitch response of a conventional Ni-Ti fiber 100
mm in length and 0.8 mm in diameter. heated by passing
a pulse current through it of S0 amps for | ms. The
heating causes the fiber (o contract rapidly to the mem-
ory state with a displacement of sbout 1.5 mm in length
in a contriction rise time of about 50 ms. The relaxation
decay time by cooling after the heating has ceased is
slow and is not complete even after 1000 ms.

With further reference 10 FIG. 2, results are shown
for the fiber of FIG. 1, but after modification in accor-
dance with the invention. The modified or altered fiber
now has amuch shorter twitch respoase time. Ascan be
seen from FIGS. 2 and 3, the contraction rise time is not
more than 10 mx, and the relaxation decay time is con-
siderably shortened being sbout 605 completed in 1S
ms which is markedly shorter than that of the uamodi-
fied fiber in FIG. 1.

Funther it can be seen from FIG. 2 that the total
relaxation decay time of the modified fiber is very much
shorter than that of the unmodified fiber of FIG. 1.
More especially the relazation decay time of the modi-
fied fiber of FIG. 2, which relaxation decay time com-
prises a rapid relazation followed by & slower relax-
stioa, is complete in less than 400 ms. more especially
about 300 ms and this is markedly shorter than the more
than 1000 ms of the unmodified fiber of FIG. 1.

In reference to FIG. 3 it is clear that whilst the fiber
relaxes by 60% very rapidly the final 40% is relatively
slow and for this reason it is appropriate to constrict a
motor unit with § 10 15 preferably 10 fibers. Instesd of
activating all 10 fibers in the motor unit simultaneously
it is appropriate to actuate them sequentially. Thus in
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. the case of 3 motor unit of 10 fibers a given fibre is not
activated again until 10 activation pulses later. Activa-
tion of a subsequent fiber will usually take place while
the immediately preceding activated fiber is in the rapid
phase of the relaxation

With further reference to F1G. 4, there is illusirated
schematically a motor unit 10 for use in an arificial
muscle (not shown). Motor urit 10 has s plurality of
elongate modified fibers 12, of the invention, in gener-
ally parallel side-by-side relationship and having ends
14 and 16 supported in clamps 18 and 20 respectively.

The fibers 12 are insulated along their length by an
electrically insulating coating 22.

The ends 14 are insulated from each other in clamp
18, whereas the ends 16 are in electrical conuct with
each other through clamp 20.

An electromagnetic source 24 provides an electro-
magnetic pulse to ends 14; the pulse may be applied o
one or more of ends 14, sequentially or simultaneously
depending on the work force required, as shown in the
broken line.

The working force generated by the deformation of
the fibers 12 10 their memory state is communicated to
work element 26.

With further reference to FIG. S, a motor unit 30 has
a single elongare fiber 32 arranged in a sinusoidal like
manner between op clamps 34 and 36, thereby
providing a plurality of side-by-side lengths 38 of the
fiber.

The fiber 32 is electrically insulated by an insulating
coating 40, and has an input end 42 and an output end
44.

Input end is electrically connected to an electromag-
netic source 46 and output end is connecxed to a work
element 48.

Application of an electromagnetic pulse to fiber 32
from source 46 heats the fiber causing return to the
memory state and the shape change force generated is
communicated 10 work element 48.

A plurality of the motor units 10 or 30 may be ar-
ranged in parallel and employed sequentially. If a2 low
working force is required only some of the motor units
may be employed whereas if a high working force is
required all of the motor units of the plurality may be
employed. The motor units 10 and 30 of the invention
permit considerable flexibility in the operation of a
prosthesis or robotic.

This invention may be embodied in other forms or
carried out in other ways without departing from the
spirit or essentisl charscteristics thereof. The present
embodiments are therefore 1o be considered as in all
respects illustrative and not restrictive, the scope of the
invention being indicated by the appended claims, and
all changes which come within the meaning and range
of equivalency are intended to be embraced.

We claim:

1. An actuator element for generation of a working
force comprising a modified elongate fiber of a shape
memory alloy, said modified fiber being derived from
an unmodified fiber, said unmodified fiber having been
modified by being subjected a plurality of times to a
short, very powetful effective 10
cause contraction of the length of the unmodified fiber
and change material properties while under a stretching
force serving 1o elongste said length, said modified fiber
exhibiting a twitch response under stimulation by an
action potential, said twitch response comprising a con-
traction time and a relaxation time. said twitch response
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being rapid as compsred with the twitch response of the
unmodified fiber.

2. An actuator clement according 10 claim 1. wherein
said rapid wwitch response is less than 40 ms when sub-
jected to the action potential of an electromagnetic
pulse.

3. An actuator element of claim 2, wherein said shape
memory alloy is a Ni-Ti alloy and said fiber has a diame-
ter of Q.01 to 10 mm.

4. An sctuator element of claim 1. wherein said pulse
has a current density of 400 to 4,000 MA/m-.

S. An actuator element of claim 1, wherein said pulse
has a rate of current change of at least 200,000 A/sec.

6. An sctustor element of claim 1, wherein said pulse
has a current density of 400 to 4,000 MA/m? and has &
rate of current change of at least 200,000 A/sec.

7. An fiber of & shape memory alloy modi-
fied by having been subjecied a plurality of times to a
short, powerful electromagnetic pulse effective to cause
contraction of the length of the fiber and change mate-
rial properties, while under a stretching force serving to
elongate said length, wherein said pulse has a current
density of 400 to 4000 MA/m?, and has a rate of current
change of at least 200,000 A/sec.

8. An clongate fiber of claim 7, wherein said shape
memory alloy is a Ni-Ti alloy and said fiber exhibits a
rapid twitch response having a total! contraction and
relaxation time of less than 40 ms when subjected to an
action potential of an electromagnetic pulse effective to
heat said fiber to the shape memory state.

9. An elongate fiber of claim 8, having a diameter of
0.01 10 10 mm.

10. A motor unit for generation of a working force in
response to stimulation by an action potential in an
artificial muscle comprising;

first and second opposed, spaced apant clamping

means,

at least one elongate actuator element comprising an

elongate fiber of a shape memory alloy providing a
plurality of lengths of fiber in side-by-side, gener-
ally parailel relationship extending between said
spaced apart clamping means, said lengths being
electrically insulated from each other and from said
first clamping means,

electrical connection means for connecting said at

least one fiber to a source of electromagnetic pulses
at said first clamping means, and

connection means at said second clamping means for

connecting said at lesst one fider to a work ele-
ment,

said elongate fiber exhibiting a twitch response under

stimulation by an action potential, said twitch re-
sponse comprising & contraction time and 8 relax-
ation time and being less than 40 ms.

11. A motor unit of claim 10, wherein said at least one
elongate sctuator element comprises a plurality of dis-
crete actuator elements in generally pnnel side-by-
side relstionship.

n.Amumt of claim 10, wherein said at least one
elongate actuator element comprises 8 single actuator
element entrained in a generally sinusoidal manner be-
tween the dunpm; means.

13. A motor unit of claim 10, wherein said elongate
sctuator element is characterized by having been sub-

65 jected a plurality of times to a short, powerful electro-

magnetic pulse effective to cause contraction and
change material properties, while under a mretching
force.
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14. A motor unit of claim 13, wherein said pulse has
a current density of 400 10 4,000 MA /m2.
15. A motor unit of claim 13, wherein said pulse has
a rate of current change of at Jeast 200,000 A/sec.
16. A process for modifying an cloogate fibes of a
shape memory alloy comprising subjecting said elon-

gate fiber 10 a stretching force while applying a plural- |

ity of short, very powerful electromagnetic pulses effec-
tive to cause contraction and change material properties
of the fiber, wherein said electromagnetic puises have a
current density of 400 to 4000 MA/m2.

17. A process according (o claim 16, wherein said
fiber is a Ni-Ti fiber having a diameter of 0.01 to 10 mm.

18. A process for modifying an clongate fiber of &
shape memory tlloy comprising subjecting ssid elon-

gate fiber to a stretching force while applying a plural-
ity of short, very powerful electromagnetic pulses effec-
tive to cause contraction and change material properties
of the fiber, wherein said pulses have a rate of current
change of at least 200,000 A/sec.

19. A motor unit of claim 18, wherein said pulses have
has a current density of 400 to 4,000 MA/m>.

20. A process for modifying an eloagate fiber of a
shape memory alloy comprising subjecting said elon-
gate fiber 10 a stretching force serving to elongate the
length of the fiber while applying a plurality of short.
very powerful electromagnetic pulses effective to cause
contraction and change material properties of the fiber,
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said fiber being a Ni-Ti fiber having s diameter of 0.01
10 10 mm, wherein said fiber prior 10 said subjecting has
a twitch response comprising a io1al contraction rise
time and relaxation decay time grester than 1000 ms.
and said fiber after said subjecting has a twitch response
of less than 40 ms.

21. A process according 10 claim 20. wherein said
plurality is up to about 100.

22. A process according to claim 21, wherein said
pulses have a rate of carrent change of at least 200,000
A/sec.

23. A modified elongate fiber derived from an elon-
gate unmodified fiber of 3 shape memory Ni-Ti alloy,
said unmodified elongsie fiber having a twitch re-
sponse, when subjected to an action potential effective
10 heat said fiber to the shape memory state, with a total
contraction and relaxation time greater than 1000 ms.
said modified fiber having & twitch response of less than
40 ms and said modified fiber having a diameter of 0.01
to 10 mm, said unmodified fiber having beea modified
by being subjected a plurality of times to & short, power-
ful electromagnetic pulse having a current density of
400 10 4,000 MA/m?, and a rate of current change of at
least 200,000 A/sec, eflective to cause contraction of
the length of the unmodified fiber and change material

properties while under a stretching force serving 10
clongate said length.
L]



. Appendix Il.

Hunter, I.W. and Lafontaine, S. A comparison of muscle with artificial actuators.
Technical Digest of the Fifth IEEE Solid State Sensor & Actuator Workshop, 1992a,
5, 178-18s.



© 1992 [EEE Reprinted. with permission, from Proceedings of 1EEE Solid-State Scnsor and
‘ Actuator. Hilton Head Island, Junc 22-25. 178-186.

A COMPARISON OF MUSCLE WITH ARTIFICIAL ACTUATORS
lan W. Hunter and Serge Lafentaine

Biorobetics Laboratery, Department of Biemedical Eagincering,
McGill University, Montreal, Quebec, Canada H3A 2B4

INTRODUCTION Whole muscles: A whole siceleta) muscic is 3 bundle of parailel muscie

. fibers held together by connective tissue. Nerve fibers. blood and lym-
Considerable effontis curently underway to develop a variety of st~ 40 versels weave their way throughout the whole mascie. These
_ngﬂﬂngpﬂﬁgal—lﬂl.-gglu vessels can lie beside but never inside muscle fibers. The connective
thropomorphic rabots, micro—tobots, micro-sargical robots, prosthet- 4 opue (collagen) at the ends of each muscle fiber join topether to form
ic limbs and artificial organs. The living counterparts of these devices . o agie muscic tendon whtich in turn straches to bone or fascia (con-
{e.g. clephants, humans, ants, mites, legs and hearts respectively) sl orive tiswue). The force generated by muscie fibers is transmitted via
cﬁn?&nmﬁﬂg?%gg; igsﬁggaiﬂ—:ﬁaﬁigg
der development include shape memory alloys, piezoelectric actuatorS,  1f ne jgine weqee genesated by a muscle is greater than opposing
?Eagﬂsxﬁﬁrgw%.&gﬂ torques (which may result from cxternal loads oc from opposing (an-
tuators. [t is therefore esseatial to compere the performance of these ar- tagonist) muscies) then the limb will rotate about the joint. Thas con-
tificial actuators with nature$ actustor, muscle. traction of muscles produces angular displacements of limbs about
In this paper the relevant properties of muscle are outlined and  JOInGS.
compared with a varicty of artificial sctustors. These sad other actos-  Muscle fibers: The muscle fibers in large muscles are long but the di-
Sﬁsﬁagigi;? ameter of muscle fibers in svall and large muscles is about the same.
gggﬁgﬁgggﬂu Indeed the average muscie fiber dismeter in adult humans is about 50
reviewed and compared with muscie elsewhere (see Huater, 1990  ;m whereas 100 um diameter frog muscle fibers are common. It seems
Haollerbach et al., 1991). that mammals tend not to grow more muscle fibers ss they mature (or
do weight lifting) but rather the average muscle fiber diamewer in-
MUSCLE creases. While isolased muscle fibers can reversibly contract by over
Hi +50% it seems that in limb movement they oaly contract by £ [0%.
Myofibrils: A muscie fiber is 3 bundle of even smalier fibers called
Nature has developed a number of types of actustors. One of the first  myofibrils, which are typically about 2 umin diameser and extend from
and smallest is a rotary sctuator probably developed about 3,500 mil-  ane end of the muscie fiber to the other. Myofibrils do not have mesmn-
lion years (Myr) ago which provides some bacseria with a rotating fia-  branes but are separated from each other by a surrounding actwork of
gellum o enable them o propel themaeives abost in liquid environ-  tubes and sacs. This network has two parts, the ransverse tubules and
ments. This submicromeser scale motor, which can rotsse at > 270 -1 the sarcoplasmic reticulum.

na_&on aL uoomv:i. "ppe _wn.____ “_:_-.N _anl_ml.u:_s_ﬂ Sarcoplesmic reticulum: The sarcoplasmic reticalum (SR) is a net-
» s pH 3 not . U work of tubes and sacs which contain intra—cellular fluid having a high
ifiptys Ca™* concentration. The voltage pulse which tumns on a muscle fiber

in cart ids Eadly & A&!-EBFEE-EREQEQE
tﬂn:ﬂ&ucczua-wo.ﬁ fish and membrane (sarcoiemma) (at 3 10 § Vs in typical human skeletal rous-
cle) and down holes into the inverior (t-tubules) (at a lower velocity)
B At i, WherE it causes Ca’®*t be released from the laiera! acs of the SR. The
n“”unhw aBaﬂEu.lu giﬂggég Ca™ diffuse down into the adjacent mycfibeils and tarm on the contrac-
66 M ~ . tile proteing. Afier the action potential has passed the Ca** is actively

yrago. pumped back into the SR.

Mechanism - lomyg axis of muscie fibef —————e—=t>

S%Eoﬁﬁ.ﬂa—.g f muscie fibers. Each mascle fiber

single cell which can be dissected and maintained funcdonal (slive)
i .S_uc n from its parent whele muscie. In comparison with other ac-
tuators, muscie cells are all basically of the same design slthough there
are significant ennuunﬂ_unﬂgﬁ.ﬂ. force rise-time and i

components, !nEBﬂﬂa and kinetics.

Mammalian muscie may be broadly separsied into two casegories,
striated and smooth. Smooth muscles are (o be found coatrolling the G mycomere length ——————

diameser of various tbes (e ©.g.. veins, arteries, colon. intestines. andthe Myofilaments: The myofibril is actually a bundle of even smaller fi-
pupil in the eye). Striated muscles (so called because of the sucomere  bers called myofilaments. There are two types of myofilaments, the
striations readily apparent under a microscops (see below)) mey be for- thick and thin filameats. The thin filament consists largety of the pra>-

ther &ggiﬂ_ﬁlllﬁ;isg weins actin, woponin and gopomyosin. The thick filament conasists
nunng%gﬂruiogilﬁlng large g&&nggﬂngggﬁn .nw
i



ure 1) which in vericbrate muscie can vary in leagth from 1510 3.6 pm
with a rest length of sbout 2.2 pm.

Crussbridges: The myosin proseia has s large pair of heads which pro-
trude from the thick filament beckbone. These myosin heads are called
crossbridges because they probably reach across and attach to sdjacent
thin filaments during muscie contraction. There are about 300 myosin
molecules per thick filament. The crossbridges likely periodically at-
uchmmﬁmlbemmﬁhmtdmlm(lhsucﬂkd
the crossbrid ge theory of muscle contraction). Each

ably generates a force of sbout § pN (Ishijima et al., 1991) and afiers
power stoke of about 12 am (during which 1 ATP molecule is hydro-
lyzed) is possibly dragged for at lcast 28 nm (Higuchi & Goldman,
1991). The rate of this crossbridge cycling sppears to be more or less
dependent on the type of muscie (it is also highly mpersture depend-
ent). For cxarnple 3 single myosin head appears to consume S ATP mol-
ecules/s during peak filament sliding at 2 pum/s.

Sequence of events durieg contraction: Figure 2 shows the change
in force through time following a single action potential under constant
leagth (isometric) conditions. The muscle twitch data shown in Figure
2 were collected in the authors labaratory from a small bundle of frog
muscle fibers at 4 “C. The sequence of eveats in such a typical single
skeletal muscic twitch contraction is still not fully understood. How-
evet, the following scems like 2 probable sequence of events given our
current understanding.

The muscle action potential (in tum generated by a single ncural action
potential) causes a burst of Ca** to be relcased from the SR. The Ca**
binds to ropanin which in turm causes the ropomyosin molecule to
“move” exposing sites oa the actin chain which attract the crossbridge.
The crussbridge (initially charged with ATP (adencsine triphosphate))
rotates and generates force from the energy released as ATP splits into
ADP (adencsine diphoshare) and P; (inorganic phosphaic). The ADP
and P, are reieased from the crossbridge head. The crossbridge remains
bound to the thin filament wntil an ATP molecule binds to the
crossbridge head to start the cycle over again.

The towal force generated by a muscle is derermined by the nurnber of
crosshridges opersting. However, the total number of crossixidges op-
crating at a given instant is in turn dependent on the availability of an
adjacent thin filament 1o sttach to (as muscies are stresched the overlap
of thick and thin filameats is progressively reduced) and on the avail-
ability of Ca** to “turn on™ the thin filament (the Ca** concentration
increases and decreases dynamically following the passage of an action
poteatial).
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Characteriatics

Muscie Model: The relstion between imposed length changes (input)
and force (output) (or conversely between imposed forces (input) and
displacement (output)) is nonlinear. Noalinesr (Humer & Korenberg,
1986: Koreaberg & Hunter, 1986,1990,1992) and time-varying (Niel-
sen & Huneer, 1991; MacNeil exal., 1992) system identification meth-
ads coupled with high performance mechanica! testing systems (Huni-
eretal.. 1990) have proved useful in elucidating this relation. A simple
mathematical mode! (Bergel & Huoter, 1979: Hunter et al, 1991)
which has been found ta account for the behavior of muscie in & wide
varicty of mechanical experiments is

-
TU)“C

[Kt) A=) &

where

(1) is the extension ratio at time ¢

Tu) is the tension at time 7 caused Dy a single cross-bridge
Mtr) is the System unit impulse respanse function

Notice that T = | when there is no imposed length change on the
muscle. This represeats the unit force genersied by s single active
crossbridge. [t is found experimentally thet the integral of the impuise
response functioa (i.e. the unit siep response function) is well repre-
sented by the sum of 2 or 3 complex decaying exponentials (Bergel &
Huneer, 1979).

The stress, 7., generated by a muscle fiber is the sum of the con-
tributions of each cross—bridge operating in paraflel. Thus if N is the
number of active cross-bridges in paralle! per unit fiber cross—section-
al area (about 350 x 1015/m? for veriehrate muscie) and 7 is the static
force genesated by a crossbridge (~ 1 pN) . thea

TN = NfTW)

Thus the peak static tension generated by vertebrate skeletal muscle is
about 350 kN/m2. w is itself & function of the degree of overiap be-
tween thick and this filaments (i.c. sarcomere length) and Ca*™ con-
centration. Although i(r) above is. in filter terminology, high—pass (i.c.
has no static gain) a siep change in muscle iength can nevertheless re-
sult in 3 static change in muscle tension via the length dependence of
N

Maximum Force generated by mascle: Itis interesting to ask if some
mascies are stronger than others. The answer is that the maximum stat-
ic force generated per unit cross—sectional area (i.e. teasicn, stress) of
all vertebrate muscle fibers seems to be remarkably consant at aboat
350 kN/m? (Huxley. 1980). Indeed the maximum force generated by
invenebrate muscle is little different (e.g. 800 kN/m? for the crayfish).
Mammalian cardiac muscie can produce up © 300 kN/m? (Hunser et
al, 1992). Some invertebrate muscles, suck as the muscle responsible
for shetl closure in certain molluscs, have 2 carch state in which they
can lock themselves 5o as to produce a sustained force (to hold the
sheils closed) without energy consumption. In veriebrate muscie there
is no such mechanism and the maximum force generated can only be
held for a short period of ime (muscie “fatigue™). Indeed the maximum
sustainzble force is usually about 30% of the peak value. For this reasoa
u:m:'ximmnmﬁcsmiubkmmmbym:deinhnlm
kN/md.

Muscie Power: Unlike maximal force, the maximum power genenated
by muscle does vary both within the same organism as well as across
animals. Power (force xvelocity or stress xstrzin rase) changes be-
cause the strain rate to stress relation characteristically produces its
maximum pawer at about 1/3 of its maximum strain rate (which coryre-
sponds to a losd of about 1/3 of the maximum stress the muscle can gen-
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stgwgigg-gnlglw whereas the stiffness of a single muscle is a linesr (neglecting hyssere-
roughly 0.1 xmaximum stress x meximom strain rate. The maximum sis) function of the farce it generates, the combined stiffness and force

votﬂasngﬁiﬂgﬁlginﬂii of two opposing independently sctivated muscies are independent.
%ginﬂggwgﬁ ISOKN/m?  Thus the stiffness of a joint can be varied by the nervous syseem inde-

xstrain rate (s} -3~ density of muscie (1037 kg/m’) whichequalsap-  pendemy of the torque generated by the limb via co-coatraction of the
proximately 35 x strain rase. Human muscie is typically sbou S0 W/kg gg:us«%&nﬁggsg
ggggg igh as 200 W/kg (certain mmacies for brief periods). dently set limb force and stiffness that gives rise 10 much of a limbs me-

Cycle Lifetiome of Muscle: An estimate of the cycic lifetime of muscle  chanical versaiility. Unfortunately, as we will now see, it is one of the

ix readily estimated for cardiac muscie. The heart beats over 3

x10° gg!ﬂzggﬁraizg 1o repli-

times in the life time of an sverage person. cate (sithough a possible solution is given in the Conclusion).
Z;gi?gﬁiga.g&g
from ali other actuators covered in this review is the large change in r..-_..
stiffness which occurs between resting muscie and maximally acti- Py igure 4
vated muscle. While muscle stiffness is highty dependent on length,
large change is aiso observed under isometric conditions (i.e., fixed o8 Vol
Sns..dosﬁﬁusagougggg o7 A |
in Figure 2. A small (+0.2%) 800 Hz sinusoidal length change im- m
voanng_uoquﬁn_ngnﬁn.lﬁvagsmniautguﬁ 06 =
rgc change in stiffoess is evident. = \.\\\
an
Figure 3 %0 Hz wox 7
03 Y.
g
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- . SHAPE MEMORY ALLOY ACTUATORS
History
g&-ﬁwggi.a_ggzswomnoti%
would return to its undeformed stase when heated after being de-
RHI.»EI?FKEEQEB!n 954) obscrved the

1000 ;ume effect in Indium~Titanium alloy. The cffect was again observed

by B %E!ﬁgn oouv a Nickel-Titanium (50% Ni,

dal but also stochesti The i i alloy (typically SJZO Eﬂmeﬂugggngmﬂg
iww?ﬂ«g-é;%ﬁ proposed foc use as artificial muscles (Hashimoto etal., -oumnwﬂq?
crease in Ca*™* in the twitch turns on a correspoading in- mascoctal., 1989; Hirose etal., 1985,1989; Homma etal., 1989; Ikuta,
crease then decrease in the number of crossbridges generating force. Socumﬁsn.mn-_:_g._wc:quﬂcunnmn?«szngaﬂa?
The crossbridges within a sarcomere are organized in parallel and so erties, nontoxicity and reasonable cost.

-:_.

&
ness s.np&&!ssn&ﬂii{ng:wsg!s? Ounuka and Shimizu (1970) showed that the shape memory effect was
result that stiffness covaries with force. From Figure 4

isclear that  caused by s marseasite to sustenite phase transition. This phase transi-

.Q;ag-gucanaaiscﬂvﬂwons«gi- tion occurs progressively aver a band of temperatures. At low tempers-
dependent experiments show that fewer than S0% of the crossbridges  tres (i.e. below the phase transition temperature band) the NiTi has
are active at the pezk of the twitch. Consequently stiffness can vary  low crysial symmetry and can be readily plastically deformed. This
over more than a 10 fold range fromrest to a 100% contraction (which  state is alternatively called the manensite phase or the R-phase (be-
can be achieved by multiple action potentials). cause thombohedral crystalline structures predominate). When heated
The variation of muscle stiffaess with muscle force is in oar opinion !0 Inperatures above the phase traasition band the NiTi transfarms to

of the aportant mechanical charscaeristics of muscle. As 8 hiher symmeay crysulline structure, called the parent or austenite
?gﬂ cifectively genenaie ensile forces (under nondynam-  PhAse. has the same distribution of atoms as that found before the pias-
ﬁsggvzugsgg-ngsig% lic deformation.

moﬂgo.r.;s is usually achieved by having opposing muscles  Fibers can be “mained™ 1o contract as they undergo a martensite to sus-
gc«ouoﬁ joint. Whereas the forces (or torques) of the two op~ tenite phase transition with heating. Expansion to the original fiber

posing muscies subtract, their stiffnesses

#dd. The result of this is that ggoﬂﬁuiﬂnﬁnmg»wnoo_& to its martensitic phase

again.
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Charscteristics

The contraction time of NiTl is governed by the smplitude of the cur-
rent pulse (and hence the heating tme) passed through it By using
large current puises this contraction tine can be made very short (Huot-
crezal, 1991). The rate limiting part of the NiTi contraction and expan-
sion cycle is in the relatively long time required for NiTI to cosl sad
retusn back to its original length. The cooling time is governed by thex-
mal diffusicn and the fact that in both heating and cooling the usual
thermal capacity has to be considered as well as the [atent heat isvolved
in the phase change between the sustenite snd martensive phase (Tkuta.
1990).
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NiTi Fibers: Figurc 5 shows results from the authors labo where
an almost 3~fold change in stiffness (as measured by 2 10 Hz tensile
force) is obained from a 0.8 mm NiTi fiber as its is cooled from 70 to
8 *C. If the fiber is immersed in a coolant and then rapidly heated by
3 brief current pulse pessed twough it, the fiber will contract aad then
expand again in < 100 ms. The contraction velocity (strain rae) of the
NiTi fibers is a function of externally imposed load as shown in Figure
6. Notice that the peak strain rate (at zero load) is about 3 5! which is

acarly 1000 times greater than muscle.

Figure 6 ]
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The peak power (as determined from Figure 7) generased by the NiTa
fiber occurs at about 40% peak stress (¢f muscle 33%) and is almost 50
kW/kg. This is about 1000 times larger than muscle. However it must
be remembered that the peak power/mass and peak generated stress
values mentioned do not include the mass ot volume of the cooling sys-

em in which the fiber is immersed. A fair compaerison with muscle re-
Quires this,

Power/mass (kW/kg)

Fifwt't

128 150

(] s L) 75 108

Stress Generated (MN/m?2)
The efficiency with which NiTi coaverts thermal energy to mechanical
energy has been coasidered by McCormick (1987) and varies from
<2% to >I%, whea there is full recovery of the heat associared with the
thermal capacity. At presentno method has been devised to recover this
heat whilc reining fast cycling. This is because current methods for
producing relatively fast NiTi cycling involve continuous flow of a
coolant over the NiTi.

POLYMERIC ACTUATORS
Hi
The study of polymeric actustors dates back 40 years to the wark of
Kuhn and Katchalsky (Kahn, 1949; Kuhn et al., 1950: Katchalsky &
Oplatkz, 1965) who observed substantial. and reversible, chemically
induced changes in the dimesnsions of synthetic polyelectroiyte gels.
Mechaninn
Variogs synthetic polymers are known 1o convert chemical or electro-
chemical energy into mechanical energy. They include polyclectrolyse
gels, natural and systhetic rubber and cross—iinked collagen (see re-
view by Tatara, 1987).
Pulyelectrulyte geis: Currently one of the most studied contractile
polymer is the polyacrylic acid - polyvinyl alcokol (PAA-PVA) gel
which swells in dilute sait solution when s voltage is applied across it
(De Rossi et al., 1986; Chiarelli et al., 1987; Chiarelli & De Rossi,
1988). De Rossi et al. (1986) have proposed that the coatraction is
largely a result of pH gradients (estabiished by the eiectrode reactions)
which propagate through the get by electrodiffusion resuiting in pertar-
bations in the electrastatic interactions between polyelectrolyte ion-
ized groups which in turn cause mechanical deformation of the gel.
Rubber: When astural and synthetic rubbers are immersed in certain
organic solvents (e.g., chloroform, toluene, benzene) they expand in
volume (up to 300%). When the solvent evaporates the rubber con-
tacts o its original dimensions.
Collagen: When collagen fibers (e.g.. from animal tendons) are im-
mersed in CH20 they become cross-linked and will coatract (up to
40%) and expand again in high and low concentration salt solutions re-
spectively (Katchalsky & Oplatka, 1965).
Characteristics

Polymer Gels: Caldwell (1990) has investigated the characieristics of
PVA-PAA thin film strips (100 um thick) which coatract when im-
mersed in actetone and expand (swell) when immersed in water. Cald-
well (1990) has measured the relation between extemally imposed
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loads on the PVA—PAA stips and contraction velocity (strain rate). The
resulting curve is almost identical in shape to that found for muscle.
The peak strain rate which occurs st zevo load was 0.1 s~ which is 10
to 100 times siower than mascie. The peak suess generated by the
PVA-PAA strips under isometric conditions (i.e., 0 velocity) was 300
kN/m? which is similar to mammalian muscie (350 kN/m?). Caldwell
also determined the peak power to be 5.8 W/kg. This is about 10t 30
tirnes less than human muscie peak power.

Using 10 um thick polymer gel films Suzuki (1991) has reporsed 200
ms contraction times with acetone activation. De Rossi et al. (1986)
predict that | pm thick PVA-PAA gels should be able 10 achieve strain
rates of 5 to 10 5! which would place them in the range of muscle.

Conducting Polymers: Recent work on electricaily conducting poly-
mers (€8 polyaniline. polyphenylene, potythiopheme. polyacerylene,
polypyrrale) having low ioaization potentials or high elecron affini-
ties to permit doping with electron donors or acceptors (see Baughman
etal., 1991) has yielded some very promising masterials which can be
activated with low volages (<1 V). Baughman etal. (1991) calculate
that doped polyaniline fibers and polyscetylenc film shouid be able to
produce stresses of 120 and 450 MN/m? respectively. These values are
about 1000 times greater than muscie and comperable with shape
memocy alloys. Although it remains to be seen how quickly such elec-
trically conducting polymers can contract it seems likely that contrac-
tions of < [00 ms should be readily achievable.

PIEZOELECTRIC ACTUATORS

History

[n 1880 Pierre Curie and his brother discovered that when forces were
applicd to certain cryswals they penerated a charge which they found to
be roughly proportionat to the spplicd mechanical stress (force). t was
quickly realized that the same crystals should show the converse of this
cffect, namely that an applied voltage should generate deformation of
the crysal. Cady (1964) has reviewed the earfy history of this ares.

Mechanism

A simplified mode! of ceramics (see Uchino, 1986) invaolves the notion
of anioas (~) and cations (+) connected by springs forming a crystal lat-
tice. Cations move in the direction of an applied electric field while the
znions move in the opposite direction. The forces generated
cause Ittice deformution. Piezostrictive materials have both high and
low stiffness ionic boads (ic. are nonceatrosymmetric crystls) and
have an induced strain. x, which is rcughly propostional o the applied
clectric ficld, £. The electromechanical coupling is direction—depend-
catand so is specified by a material dependent piczociectric tensor d.
Thus x = dE, Electrostrictive materials are centrosymmetric crysals
and have an induced strain which is proportioast 10 the square of the
clectric field. Thus x = mE? where m is 8 material dependent tensor.
Other phesomena complicate this simplified view. In particular, addi-
tional nonlinesr sirain changes resulting from crystalline domain re-
orientation cause the ubiquitous hysteresis seen in piczoelectric materi-
als during changes in electric field.

Characteristics '

Of the actuators considered in this paper, piczoelectric actuators follow
muscle as being the mest ubiquitous. A buge range of piczoelectric ac-
twators have been The small strains (usally < 0.1%) aod
high stresses (e.g.. 35 MN/m?) generated by piezoelectric maserials
have spawned a diverse range of displacement amplifying mechsnisms
such as bimorphs, cantilevers, inchworms, vibromotors. microseeppers
and surface—wave motors.

Piezoelectric ceramics: The of various piczOCeramics are
amp!ydocummade!sewh:e(e.;,hﬂ’eall.. 1971; Uchino, 1986).

A aumber of interesting actuators involving pi

piezoelectric

0.35PHTvOy-0.1SPYZr0s). The device amplifies the small sosin of the
piczoeiectric clement 50 times, with a comresponding decrease in stiff-
ness. while maintaining overall electro-mechaanical efficiencies in the
order of 30%. We have instrumented and used this piezoclectric actua-
tor in a number of applications and have achieved very high displace-
ment bandwidths. The device indicates that by coupling piezoclectric
clemenats with sovel mechanical amplifiers it should be possibie o
create modular and muscle-like actustors.

Piesuelectric polymers: Piezo—- (or ferro-) ciectric polymers such as
poly-vinylidene fivoride (PYDF) have been proposed for spplications
requiring an artificial muscle~like actuator (e.g., Lee & Marcus, 1981:
Lovinger, 1983). The peak reversible stress and strain developed by
PVDFisabout 3 MN/m? and 0.1%: respectively. Unfortunately this lat-
ter value is ruther srall and like piczoclectric ceramics and magnetos-
wictive materials mechanical amplificrs are needed to produce the larg-
cr displacements required by many applications, We have coastrucied
experimental actuators using PYDF and have found the peak stress o
be 100 low for many applications requiring muscle-like performance.
For example a 200-fold mechanical amplification is required to make
its peak strain similar to muscle. The resulting peak stress is then atbest
a meager 15 kN/m?.

MAGNETOSTRICTIVE ACTUATORS

History
In 1%40 Fames Joule discovered that a nickel rod contracted in the pres-
ence of a longitudinal magnetic fickd. In sawrating magnetic fields, Ni
achieves pesk magnetostrictive strains of -0.033 x 1073, In 1972 Clark
and Belson discovered that when certain rare-carth metais such as ter-
bium and dysprosium are combined with iron, the resuiting alloys,
TbFe;Cl'ufmnudDy&; sbovveryhuhm(mmm~
urstion) magnetostrictive strains (specifically ThFe; at 2.46x 1072
snd DyFe; at 1.26 x 10-3). Unlike Ni and Fe. TbFe; and DyFe; show
positive magnetostrictive strains and so expand in a magnetic ficid. Re-
cently an alloy contining both terbium and dysprosium,
7Fe) 9. called Texfenol-D has been developed which has a
high magnesostrictive suain (2.0 103).
Mechanism

The effect known as magnetostriction is due to magnetic domains in
the material aligning themselves with the direction of the magnetic
ficld, with a consequent change in material dimensions (see Clark,
1980). The magnetic field is usually gencrated by s coil wound around
arod of the magnetostrictive material (e.g., Terfenol-D). By changing
the cutrent in the coil the magnetic field is changed and hence the rod
changes length.

Characteristics

Some of the praperties of Terfenc!-D are a function of the technique
used 10 graw the mascrial. Recently (see Clark et al., 1989) techniques
have been developed to produce highly grain—oriented rods which re-
sult in maximel strains.

Similar to piezoelectric sctuators such as PZT, the maximum strain de-
clines roughly lincasty with incressed force {load). Terfenol-D
has 8 very high energy density of 14 to 25 kJ/m> compared with 0.7 to
1.3 kJ/m? for PZT.

182



iy | S Safr Stain | Susin | Power | Ex Life | EfL

Class  |SobClass [Example |GS7 | 0N% | Qo —a TR | Ranat| Whes [ |orctes| =%
Muscle [skeles! |human 1037 03s| 006 S| >4 5] >100f 08| >10%] >3s
cardiac  |h. beart 1037] oO01]| 005 S| >40 4 | >100] o8] >10° >38

Piezo~ |ceamic  |NEPEC-10| 7.500] 35 | 40 1.I| 0.09] >10 [>1000] >10 [ >108] >30
electric  |polymer  |PVDE l.zﬂ 3 3512] o01f >1 | >100f] >1]) >108] <1
SMA | NiTli | |fiber 6450] >200 | 18 3| >S 3 [>1000] >10 | >105] >3
Polymer |gel PVA-PAA |~1300] 03] <01 10| >e0| @l >s| 04| >105] 30
cnll!ucﬁl#golmi!ia: ~1,500{ 180 $ 17| >2{ >1 |>1000f >1]| >1t05| >30
Magneto |y carth [ Terfenot-D| 9250 70| 35 14| o2 1 |[>1000{ >10] >105] <30
IM"‘IW SVOMA 1061 004 1<00t 7} >10! > >10 1 7 | >0

Tabie I. Properties of a variety of contractile maserials. The various quantities shown are peak valoes and will not in general
occyr at the same operating point or time. Stress and srain refer 1o actively generated quantities. The ratio between peak
stiffoess (shown) and minimum stiffness (not shown) is denoted by A . These values are distilled from a wide variety of
maﬁmywﬂ&npubmmkm“@mmmmhmemofmmm
and clectrostatic actuators the values presented include the entire actuator size and mass. Foe the other actuators the:
accessaries (¢.g., NiTi cocling system) are not included in the calculstions. Fuir compatisons between the later and former
actuators will require such inciusions (which in many cases have not been optimized yet).

Texfenol-D based actuators gre limited to peak strains of 0.2%. For dis-
placements larger thar 0.2% “inch—worm™ type linear stepping actua-
tors (sometimes called magnetoelastic wave motors) have been devel-
oped (Kiesewetter, 1988). These motors, which move in small steps
(¢.g-. L0 pm) can move over substantial dispiscements although at rath-
er low velocities (¢.g.. 0.01 mys).

We have buiita number of magnetostrictive sctuators using Terfenol—
D. Unlike piezoelectric actuators, magnetostrictive 2CtuMors require
bulky coils whose crossectiona! area is invasiably many times greater
than that of the magnetostrictive rod. To achieve strains in the otder or-
der of 0.2 % requires magnetic fields of over 100 kA/m. Such fields are
attained with coasidersble resistive losses in the coils with the conse-
quent therma! dissipation problems. Coil inductance prevents both
high strains and the potentially high strain rates of Terfenol-D being
atzined in a single design.
ELECTROSTATIC ACTUATORS

Histocy

The history of electrostatic actuators dates back over 150 years. A nom-
ber of electrostatic motors have been developed (e-g., Bollée, 1969: Je-
fimenka, 1973) and more recendy clectrostatic micro—-motors have
been successfully demonstrated (e.g.. Trimmer & Gabriel, 1987: Ja-
cobsen et al., 1989: Tai etal., 1989; Egawa & Higuchi, 1990; Braneb-
jerg & Gravesen, 1992; Sato & Shikida, 1992). The first electrostatic
actuator with immediate potential foc artificial muscle applications
was recently developed by Niino et al., (1992). These researchers have
tcrmed their actustor & stacked variable capacitance motor with active
slider (SVCMA).

Mechanism

Many eiectrosiatic actuators involve the repulsive force generated be-
tween electrodes charged with equal polarities. The SVCMA sctustor
built by Niino et al.. (1992) has mauitiple stator and slider sheets which
slide over each other in a fashion remirniscent of the muscle sarcomere
(though about 50,000 titnes larger). Each sheet is a composite includ-
ing polyimide film with nultiple Cu electrodes fabricated on it By
switching appropriate voltages on the clestrodes (e.g.. 2800 V) the
stator and slider move relative 10 each other in 80 um steps (cf muscle
< 50 am steps).

Characteristics

The SVCMA has s density similar 1o muscle and can gencrate peak
stresses of 35 kN/m2 (about 10% of muscle) and peak strains of > 10%
(similar 1o muscie). The contraction strain rate vs impased saess rela-
tion has the same shape as muscie with peak strain rates similar to slow
muscie (L.e.. 1 5~1). The peak power of 17 W/kg (cf 200 W/kg for brief
muscic contractions) occurs at an imposed swress of about 10% (cf
enuscle 33%) of maximumn. Just as a whole muscie has length and ve-
locity ransducers lying in parallel with muscle fibers. the SVOMA has
an inbailt displacement transducer. This is clearly a very promising ac-
tuator technology whose caly disadvantage may be the high volages
required.

CONCLUSIONS
Comparisons
Table | shows the characweristics of exampics of the various contractile
materials discussed in previous sections. Except for naumber of cycles
to failure (lifecycles) muscle is equalled or outperformed in esch char-
acteristic by other actuators. However muscle does possess some fea-
tures not yetachicved by other technologies. Muscleis sbicto grow and
modify itself as a function of imposed stresses and straing. Muscie is
also able to repair itseif. Indeed the dominant proteins in human muscie
are rencwed cvery few months. Muscie is also good to eat !
Stiffeess Modulation
One of the most remarkable charscteristics of muscle is the large range
over which the stiffhess of a whole muscle and hence joint can be con-
wrolled. For example in a series of studies Kearney and Hunter (see re-
view 1990) have measured up to 50-fold changes in human ankle stiff-
ness resulting from riceps surae activation. The stiffness of one of the
austhors leg muscles (triceps surae as measured about the ankle jaint)
is shown in Figure 8. There is almost a 40 fold change in stiffness from
rest 1o maxirnum contraction. This is much grester than the change
found for single muscie fibers (see Table I). Itis importantto speculae
how this large change can occur at the whole muscie ievel butsotat the
single fiber Jevel. In particular other contractile matetials may be able
to utilize the same mechsnism to achieve compansble modalation of
stiffoess.
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The difference between whole muscies and single fibers is most likely
due to a significant percentage of whole muscle fibers being siack at
“rest™ with a progressive decresse in this percentage as contraction lev-
¢l increases. By having a sufficiently large number of fibers in parallel
(e.g. 1 million in a human biceps muscie) smooth recruitment of stack

fibers can be achieved.
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Traditional Actustors

Traditional actuators such as internal combustion, clectromagnetic,
hydraulic and pneurnatic actuators have been extensively studied and
developed. While it is rue that the development of these iechnologies
has been driven by non-robotic and non—prosthetic spplications snd
that there is room foc incremental imprevernents when they are opti-
mized for particular robotic spplications, itis also clear that radical im-
provements are unlikely in the near future. If nature’s experience is
rejcvant, then sctuators that can be scaled by paralle! configurations of
small unit actuators (modularity), as in muscles, is highly desirable. It
seems unlikely that in the acar future any of the traditional actuator
technologies will provide this modularity.

Novel Actuators

A number of novel actuator technologies show great promise. Poly-
meric, shapc memory slloy and clectrostatic actuators bave the ability
to be built in modular form and scaled according to force and displace-
ment requirements. Shape memory alloy actuators have poor efficien-
cies at present. However, it seems that their efficiency is not con-
strained theoretically to be so low mnd consequently future work may
be able to increase it substantially. Ocher novel actuators, such ax those
involving photostriction (i.e., contract upon application of light), have
not been discussed in this paper but also hold considerabile proemise.

Research Directions

Atpresent the number of research laboratories in the world undertaking
research on new actuator technologies is alarmingly small. The pros-
pects of such research making significant advances toward the goal of
achieving fast, lightweight, dexterous robots and prosthetic limbs is
very high. In particula:, work must proceed on the polymeric, electros-
tatic and shape memory alloy actuator sechnologies 1o achieve muscle—
like performance. We feel that without substantial emphasis and prog-
ress in the development of such novel actuator technologies robotics
will flounder and prosthetic limb development will remain moribund.
Finally it must be assened that there is the very real possibility of fabri-
cating real muscles with specific charactesistics. We (like many other
groups) have grown fully functioning muscle cells using cell culture
techniques and kept them alive for & few weeks. Work is under way in

8 few laboratories (¢.g.. [k.ues-uuey University of Pennsylvania)
10 synthesize muscle cells with a wide variety of preselected properties.
ARhough this work is difficult and long-term., when successful such
“designer muscie™ will have vast applications.
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Introduction

New smart materials are required in micro—robotics and medical devices for actuation, control,
energy supply, and fabrication. Muscle-like actuators which combine large power—-to-mass ratios,
high forces per unit area and wide bandwidths are needed to actuate small and micro-mechanisms.
We are currently investigating two classes of smart materials: NiTi alloys and synthetic metals, i.e.
electrically conducting, contractile polymers. At present. the research with synthetic metals is at the
level of basic science. New “muscle-like” actuators are being developed, however, from fast
contracting NiTi fibers (Hunter et al., 1991) which are also being used for new high—performance
parallel drive mechanisms for master-slave tele-micro—robots and endoscopic devices. This
research and its future directions will be summarized in this paper.

Artificial Muscle Actuators

Mauscle as an actuator

Muscle has been used as a standard against which the performance and characteristics of other
actuators has been compared (see Table | derived from Hollerbach et al., 1991; Hunter 1990;
Hunter & Lafontaine, 1992). An important characteristic of muscle is its ability to generate both
relatively high tensions (350 kN/m?2) as well as large and rapid changes in length (> 20%). Muscle
is also a light actuator which is an important property for autonomous robots (or androids). In other
respects such as in its power/mass ratio, muscle is in the low to average range of performance.
Angother important feature of muscle not listed in Table 1 is its very long life time which exceeds
10” cycles.

There are indications that the composition of muscles has not changed appreciably from early
dinosaurs to present day mammals. Muscles consist of a bundle of fibers arranged in parallel and
held together by connective tissue. The maximum force per unit area remains fairly constant across
mammals as does the maximum strain. The force generated by a muscle is controlled using a
combination of two mechanisms: recruitment, which is the capacity to change the number of muscle
fibers activated at a particular instant, and rate coding, which refers to the frequency with which
these fibers are stimulated or activated by repetitive pulses.

Large changes in stiffness occur in 1auscle as a function of the force generated. These changes
are in the order of a ten—fold range from rest to maximum force (Hunter et al, 1993). The stiffness
of a joint about which a pair of agonist and antagonist muscles insert can be changed by varying the
forces produced by the two groups of muscles. It is possible for the net torque to remain constant
while the stiffness of the joint varies over a considerable range of values.




Actuator Max. Max. Max. Max. Max. Mech.
Strain Strain Rate |Power/ Stress Torque/ Efficiency
Mass Mass
% /s Wrkg M N/m? N.m/kg %

_— .

Muscle 20 2 50 035 20 35
NiTi >6% 3 >1,000 >150 ~700 <6
Polymer ? >1 >1,000 180 ? >30
Electro— >10 >1 >10 .04 <l >20
static

Magneto— 0.2 1 >1,000 70 7 >80
strctive

Piezo— 0.21 >10 >1,000 35 2.6 >80
electric

Table 1. Properties of different actuators. Some of these figures are estimates and more accurate
figures will become available as research progresses or new materials are developed. These values
do not represent fair comparisons between actuators as the required accessories are not included in
the calculations. The torque—to—mass ratio for linear actuators is estimated as the peak torque in a

simple lever mechanism which rotates by 60 degrees.
NiTi as an artificial muscle actuator

Actuators consisting of a number of NiTi fibers arranged in parallel, as opposed to coil-like
configurations, are considered here. NiTi artificial actuators exceed by a factor of 35 the maximum
torque/mass ratio of muscle. This figure does not, however, include the weight of associated control
circuitry and ancillary power sources. The high peak tension (stress) generated by NiTi fibers (about
800 times greater than muscle) is effectively much less when the area around the fibers required for
cooling is considered.
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Figure 1. NiTi fiber twitch response.
NiTi actuators are usually considered slow devices. They can contract quickly but their

relaxation time is considerably longer. We have found that when NiTi fibers are submitted to brief,
very large current pulses, after a period of training, the fibers return to their original length much




more rapidly (Hunter et al, 1991). Figure 1 shows the twitch response of a NiTi shape memory
actuator where the response is completed in less than 20 ms.

Figure 2 shows the stiffness of NiTi fibers as a function of temperature cycling. These results
indicate that very large changes in stiffness occur in NiTi fibers. This phenomenon has been
observed using two different experimental setaps and different types of analysis. The change in
stiffness can vary by a factor of 10 as revealed by linear analysis and impulse response estimation.
The mechanisms responsible for these changes in stiffness are not as yet known. These results
indicate, however, that like muscle, the stiffness of NiTi artificial muscle actuators can be controlled

over a large range of values.
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Figure 2. Example where NiTi stiffness changes by a factor of 10.

The maximum strain of NiTi fibers is about one third that of muscle. As a consequence, in order
to make the same angular movement as a muscle controlling a limb, the Iever arm controlled by the
NiTi actuator would be one third the size and much larger stresses would be produced at the end of

the fibers where they are mechanically secured.

NiTi actuators cannot compete with muscle when compared on the basis of life cycles or
efficiency. Applications of NiTi actuators are therefore severely limited at present in situations
where power consumption is of primary importance or where long life times are required. An
example of the latter would be in an artificial heart.

High Performance Parallel Drive Mechanisms

Paralle] Drive Mechanisms

In micro—robotics, both micro-motion robots and autonomous micro-robots have their
applications. We have developed a number of very high performance micro-motion robots for
applications in biology, engineering (micro—machining and micro—fabrication) (see Hunter et al.,
1990, Olivier et al., 1993) and medicine (master—slave robot for retinal surgery) (see Hunter et al,
1993). In order to maximize the bandwidth of the mechanical systems, it is essential that all actuators
operate independently (i.e. in parallel) rather than rely on serial configurations where one actuator
is mounted on a limb moved by another actuator. In many of our designs (Hunter et al, 1990)




molecular hinging in flexure elements has been used to couple together movements from several
motors which still maintains micro—motion accuracy.

Superelastic NiTi flexure elements

Although parallel drive systems with flexure elements have been used successfully in
micro—motion robots, there are problems associated with using them in medical robots where large
ranges of motion are required. The large changes in angular displacements at flexure clements
introduce strains beyond the limits of elasticity of conventional materials (e.g. 0.2%) which fail after
a short period of use. We have been experimenting successfully with using super—elastic NiTi wire
as flexure elements. NiTi can undergo strain changes exceeding 6% which permits very large ranges
of angular displacements at flexure joints.

New developments in fabrication of micro—-actuators

One major difficulty that must be faced when using NiTi shape memory alloys is the
considerable problems associated with attaching NiTi alloys mechanically to other structures and
with making reliable electrical connections. Standard welding or soldering techniques cannot be
used with NiTi alloys. Recently CO; laser butt welding has been successfully used and it has been
shown that there are no significant changes in stress—strain curves or residual strain in welded
specimens ( Araki et al., 1989; Hirose et al, 1990).

We have recently developed a new and simple technique which permits soldering as well as
conventional welding techniques for electrically and mechanically connecting NiTi shape memory
alloys. Itis now possible to attach NiTi shape—memory alloys or super—elastic fibers directly to other
structures. This technique lends itself easily to parallel processing of a large number of fibers.
Furthermore it intrinsically preserves all of the NiTi shape memory or super—elastic properties of
the alloys except at the location where the fibers are attached. This new technique permits fabrication
of micro—actuators in micro—robots which was previously not feasible because of difficulties in
mounting the fibers.

Micro-mechanisms

A unique micro—fabrication and micro—machining center has been developed in the laboratory
(Madden et al, 1994). Microscopic parts (such as micro—springs) have been fabricated and
eventually the fabrication center will be used to construct micro-mechanisms. In conjunction with

the new welding, soldering and mechanical attachment techniques described above, it will soon be
possible to build, for the first time, micro—actuators and micro—-robots using NiTi fibers.

Medical Simulators

A number of medical simulators are being developed for use in training surgeons and for
rehearsing surgical procedures. A laparoscopic simulator consisting of a physical model of the
human torso with surgical instruments has been built in conjunction with a complete virtual
environment which includes a finite element models of the organs inside the torso. The surgeon
either wears a heads up display or special glasses for stereoscopic viewing of the virtual tools and
organs. Surgical tools are held by the surgeon which are instrumented so that their positions are
known exactly and virtual forces exerted by the tools are solved by the finite element model and fed
back to the surgeon via force reflecting multi-degree—of-freedom interfaces. The use of fast
contracting NiTi actuators and NiTi super-elastic hinges in these force reflecting interfaces holds
great promise.




Internet Experiment: A Virtual Laboratory

The traditional process of publishing scientific results is somewhat incompatible with the
scientific method. One paradigm of science consists of an iterative process in which experiments
are performed, data gathered, a model formulated and the validity of the model tested by simulation
and quantitative comparison with the experimental data. Typically new experimental results are
reproduced independently by other teams of researchers who test the reliability and validity of the
experiments.

In scientific publications it is usually not possible, economical or practical to include raw
experimental data, except in the form of plots and graphs. Consequently testing alternate models
is extremely difficult for researchers who have access only to printed publications. Often
experiments other than those performed for the publication are required to verify a new model. We
have therefore proposed that not only journals, but experimental data and the experimental apparatus
itself should be made avatlable to other research groups through high speed networks (Lafontaine
etal., 1994).

For this experiment we have decided to use Mosaic/WWW as the basis of our virtual laboratory
for the following reasons: World Wide Webb (WWW) provides fast dissemination of available
services; it is developed around a hypertext documentation system with optional viewers for
postscript high quality hardcopies; images, sound and movies can also be displayed with external
viewers and which will permit remote inspection of the experimental setup; and has access to FTP
for transfer of raw binary data.

This service will be made publicly available later this year. At that point after obtaining the
authorization via email, any researcher using X-Windows and Mosaic will be able remotely to
repeat experiments, such as those in which the stiffness of NiTi fibers was investigated (Fig. 2), to
inspect data and use different numerical techniques to check results.

Conclusion

Although NiTi shape memory alloys have a number of limitations as actuators, including being
highly inefficient in their energy conversion and having short life—times, their potential for
application is large in micro—robotics and in a number of areas in medicine. Other types of smart
materials, such as polymeric actuators, offer greater advantages but research is only starting in this
area and it will be many years before practical applications can be considered.
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Appendix IV. List of Material Propertles for NiTi

Constant Units Alloy Austenite martensite Source
Resistivity uQQ:m 82 .76 5
77 91 .76 2
.76 98 .87 6
I.1 5 3
1 8 8
6 .75 9
Resistivity uQ-m/°C 8x10” 0 7.x107 6
Sensitivity
Thermal °C* 11x10° 6.6x10° 7.8
Expansion
Sensitivity of °C/Pa 8.8x10° 23x107 6
transition
temperatures
Annealing °C 400-600 5
Melting 1300 5.9
Heat kJ/kg,C 322 5
Capacity .883 7,.8,9
Latent Heat kl/kg 24.2 7,8
Poisson Ratio .33 9
Young’s Gpa 75 28 5
Modulus 95 3
23 15 20 6
83 28-41 8
Magnetic <1.002 8
Permeability
Magnetic 3.8 25
Susceptibility 2.1 3.0 9
Thermal W/m/°C I8 8 5
Conductivity 18 3
18 8.6 8
30 9
Density _kg/m’ 6450 7,8,9
Yield MPa 600 5
strength 195-690 70-140 8
Tensile % 50 3
Strain 25-50 8
Tensile MPa 1000 S
Strength 895-1900 8
Efficiency % 5 5
3 2
Velocity of m/s 5100-
sound 5300
Max. Strain % 8 5
Hardness Pi? 80 9
Abrasion m?*/ 8x10™" 9
Resistance cycle
Work output kW/kg 1000 5
100 2




Data From:
(1) Funakubo (1987)

(2) From experimental work in this thesis.
(3) Van Humbeck (1991)

(4) Duerig et al. (1990)

(5) Gilbertson (1994)

(6) Ikuta et al. (1991)

(7) Flexinol Inc.

(8) SMA Inc.

(9) Innovative Technology International, Inc.



